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ABSTRACT 
Influence of Soil Water Potential and Environment on 
the Internal Wa ter St atus of Gra s ses 
by 
Ray W. Brown, Doctor o f Philos ophy 
Ut ah St ate Univers ity, 1974 
Ma jor Pro fessor: Dr. Herman H. Wiebe 
Department: Biology 
The water relations of two grass species, smooth brome (Bromus 
inermis Leyss.) and intermediate wheatgrass (Agropyron intermedium 
(Host) Beauv.), were studied under a range of environmental conditions 
in a growth chamber. The environmental conditions included three temp-
erature regimes (day/night temperatures of 15/10, 20/15, and 25/20 
degrees centigrade), and three vapor pressure deficits within each 
temperature regime (6.2, 8.8, and 11.4 millimeters of mercury). 
Short wave radiation was maintained at 0.5 calories per square centimeter 
per minute with a 14 hour photoperiod, and wind speed was constant at 
45 centimeters per second. 
Six plants of each species were studied simultaneously under each 
of the nine environments, and each set of ·conditions was replicated 
once. The plants were subjected to a single severe wilting cycle, 
usually requiring about 4 days. Just prior to when the lights came on 
and the temperature increased each morning, the soil water potential, 
leaf water potential, and leaf osmotic potential (of frozen-and-thawed 
tissue samples) were measured for each plant using Peltier thermocouple 
psychrometers. At this time of the day the water relations of the plant 
are the most favorable, and measurements taken then will reflect a 
base-line condition under which the plant can potentially recover from 
daytime extremes. Leaf pressure potential was calculated as the 
difference between leaf water and osmotic potentials. One hour after 
the lights came on and the temperature increased, leaf resistance was 
measured with a diffusion porometer, and leaf temperature was measured 
with a Barnes infrared radiometer. 
Leaf water potential, osmotic potential, and soil water potential 
all decreased progressively each day under continued water stress in 
both species, while leaf resistance and leaf temperatures increased. 
Generally, leaf and soil water potentials decreased more rapidly and 
to a lower extreme under the warmer environments than under the cooler 
ones. Soil water potentials remained about 10 bars higher than leaf 
water potentials throughout the entire wilting cycle, as measured one 
hour before the lights came on, with no significant differences 
between species. 
xi 
Leaf resistance increased as leaf water potential decreased, 
becoming asymptotically higher as the leaf tissues became drier, with 
no significant differences between species. A critical leaf water 
potential was not identified at which leaf resistance increased sharply, 
perhaps because these factors were determined only once daily. Leaf 
temperatures also increased as leaf water potential decreased in both 
species. The differences between leaf and air temperatures were greater 
at low leaf water potentials under the cooler temperatures. For both 
species under all conditions, the difference between leaf and air 
temperatures increased steeply at the higher leaf water potentials, but 
tended to increase less steeply at low leaf water potentials. 
xii 
The relationship between leaf pressure potential and leaf water 
potential is believed to be of considerable importance. As the plant 
progressively dries out, this relationship shows that the pressure 
po tential declined from an initial high of about 10 bars, eventually 
reaching zero, and then becoming negative. With continued drought, the 
pressure potential became progressively more negative, ultimately 
reaching a minimum, and then increased toward zero bar again. This "J" 
shaped relationship appears to describe the wilting process in plants. 
The leaf water potential at which pressure potential first reaches zero 
was termed the "physiological wilting point", and appears to provide a 
~ lantitative measure of incipient wilting. It is proposed that when the 
minimum pressure potential is reached, individual cells begin to 
collapse as air penetrates between the cell wall and the plasmalemma. 
The leaf water potential at which this occurs was termed the point of 
"protoplast collapse", and is believed to represent permanent cell 
damage. It is believed that when the pressure potential reaches zero the 
second time, a condition of tissue death exists wherein virtually all 
of the cells have collapsed. 
The results of this study provide important information concerning 
the wilting phenomena in plants, and illustrate the possible mechanisms 
by which it occurs. The use of these techniques and relationships 
provide quantitative criteria by which the water relations of different 
plant species can be evaluated. Also, they suggest some potentially 
important ecological implicat~ons regarding the adaptability of plants 
to arid environments. 
(148 pages) 
INTRODUCTION 
Nature of the Problem 
Basic information about the physiological responses of plant 
species growing under severe environmental stress is limited. This is 
particularly true for plant species that are used for the revegetation 
of denuded harsh sites in the western U.S. Many of the important water-
sheds of this region, comprising high mountain slopes above population 
centers, are denuded of vegetation resulting from man-caused or natural 
disturbances. Such slopes, and particularly those that are subject to 
mid-summer drought, are potentially dangerous erosion hazards that tend 
to remain denuded due to severe local environmental conditions. 
Attempts to revegetate these areas have largely been of an empirical 
nature and, for the most part, have been only marginally successful. In 
large measure, revegetation failures are due to a lack of basid know-
ledge concerning the physiological requirements of the plant species 
used. 
One of the most important limiting environmental factors influenc-
ing plant survival on severe harsh sites in the arid West is the avail-
ability of soil water. Under conditions where water is limiting, 
natural selection favors those organisms with physiological adaptations 
that permit the most efficient use of the available water. The level of 
physiological activity required for survival is dependent upon the 
efficiency with which an organism channels the energy available to it. 
As the energy level of soil water decreases, and as the transpiration 
demand of the environment increases, plants experience progressively 
greater water deficits. The greater the degree of control exerted by 
the plant over water absorption and transpiration loss, the greater is 
its efficiency level for channeling the available water for growth and 
survival. 
It is well known that different plant species exhibit characteris-
tic capabilities of resisting the effects of drought. However, only 
recently have quantitative investigations of the internal physiological 
requirements and responses of non-agricultural plants to environmental 
stress been initiated. Unfortunately, much of the earlier work on 
water relations ignored the importance of linking the energy status of 
water in the plant with that in the soil and atmospheric environments. 
More basic research is needed on the water relations of plants, and on 
how different plant species channel available water and energy for sur-
vival under stress conditions. Such information would be particularly 
valuable for quantitatively evaluating the adaptability of plant 
species for survival under severe environments. 
Objectives and Scope 
Two of the most important and widely used grasses for revegetation 
in the West include Manchar smooth brome (Bromus inermis Leyss.) and 
Greenar intermediate wheatgrass (Agropyron intermedium (Host) Beauv.). 
These two grasses appear to have somewhat different capabilities for 
survival under water stress conditions. It is generally felt that 
smooth brome is a more mesic plant than intermediate wheatgrass, the 
latter apparently being somewhat more drought resistant. However, data 
are not available that quantitatively substantiate to what degree 
2 
intermediate wheatgrass may be better suited for survival under water 
stress cond1t1ons than is smooth brome. Therefore, these two species 
provide excellent examples of plants for which detailed water relations 
resear ch is needed. 
Using these two species, the objectives of this study are: 
3 
l. To determine the influence of the energy status of water in the 
soil on that of the plant leaves. 
2. To determine the influence of various atmospheric environmental 
conditions on leaf water status. 
3. To determine the energy status of water in both the soil and 
plant leaves at which the physiological condition of permanent 
wilting occurs. 
4. To determine the effects of water status on leaf temperature 
and leaf resistance. 
4 
REVIEW OF LITERATURE 
Characteristics of Smooth Brame and Intermediate Wheatgrass 
Taxonomic and morphological characteristics 
Smooth brome is a perennial grass belonging to the tribe Festuceae 
in the family Gramineae (Hitchcock 1950). The culms of this species are 
tall, often reaching a height of 1 m, and originate from creeping rhi-
zomes (Figure 1). The leaves are usually quite smooth, about 1 em wide 
and about 20 em long. Seeds are produced in abundance on large spread-
ing erect panicles. 
Intermediate wheatgrass is also a perennial in the Gramineae 
family, belonging to the tribe Hordeae (Hitchcock 1950). This rhizo-
matous species may reach a height of over 1m (Figure 2). The leaf 
blades are short and coarse and are usually gray-green or blue-green in 
color. Seeds are produced in sessile spikelets on a tall narrow spike. 
Origin and ecological characteristics 
Smooth brome was introduced into the United States from eastern 
Europe in 1884 (Weintraub 1953), and is primarily used as a pasture and 
range grass (Hafenrichter et al. 1968). This species is particularly 
known for its palatability to livestock and wildlife (Plummer et al. 
1968). It has been used successfully for erosion control on high-eleva-
tion watersheds (Meeuwig 1960), and is widely used along highways, 
roads, and on surface mined lands in the west. Usually about 28 em 
(11 inches) of annual precipitation is the minimum limit at which 
smooth brome becomes established (Plummer et al. 1968). Smooth brome 
5 
Figure 1. Smooth brome, showing tall leafy growth and creeping rhizomes. 
Figure 2. Intermediate wheatgrass, showing the shorter growth form and 
rhizomes. 
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is well adapted as a range grass on sagebrush, open aspen, and timber 
sites, but is only moderately tolerant to drought (Hafenrichter et al. 
1968). 
There are about 34 known strains of smooth brome, but the most 
widely used, and apparently best adapted, strain in northern latitudes 
of the West is Manchar (Weintraub 1953, Hafenrichter et al. 1968). 
Manchar smooth brome is a registered strain developed through selection 
specifically for the West for its strong seedling vigor, leafiness, 
bunch habit, and high seed production. 
Intermediate wheatgrass is native to central and southern Europe, 
Asia Minor, and central Asia, and was successfully introduced into the 
U.S. during the 1930's (Weintraub 1953). This species is widely culti-
vated for hay and seed production in the Intermountain West, and is an 
excellent range grass (Hafenrichter et al. 1968). Intermediate wheat-
grass is long-lived, resistant to diseases and frost, and is reported 
to be more drought resistant than smooth brome (Weintraub 1953). How-
ever, Plummer et al. (1968) report that its lower limit of annual pre-
cipitation is only 28 em (11 inches), the same as that for smooth brome, 
but that it tolerates high temperatures. It has been used for range re-
seedings in Utah on arid sites for many years. 
About 30 introduced accessions of intermediate wheatgrass are 
known (Hafenrichter et al. 1968). The one strain most widely used in 
the West is Greenar, typically blue-green in color, and is a sod-former. 
Physiological characteristics 
Besides their importance as pasture and range grasses, smooth 
brome and intermediate wheatgrass are of significant agronomic conse-
quence as well. Because of their importance a significant amount of 
7 
research on the physiological characteristics of these two species has 
been conducted, primarily on their seed germination requirements, fer-
tility requirements, and vegetative growth responses. However, very 
little quantitative water relations research has been done with them. 
Vegetative growth and nitrogen requirements of smooth brome have 
been widely studied (Baker and Jung 1968a, 1968b, Vanderlip and Pesek 
1970, and Ogus and Fox 1970). The percent Nand water stress in smooth 
brome, expressed as the percent reduction in growth rate, was measured 
by Power (1971). He found that percent water stress is greatest when N 
is deficient, and that water extraction by the roots is most efficient 
when N levels are high. He concluded that growth of grasses on the 
Northern Great Plains is restricted primarily by the lack of water 
and N. 
Work on intermediate wheatgrass is much more limited. For this 
species, plant vigor is too poor to recover from late season clipping 
when the total soluble carbohydrate fraction is depleated to about 
1 percent of the dry weight (Ogden and Loomis 1972). Hylton et al. 
(1970) found that the critical nitrate-N concentrations for growth of 
intermediate wheatgrass is about 500 ppm. 
8 
Working with both species, McDonough and Brown (1969) found that 
growth in terms of height, shoot weight, and root weight, did not differ 
significantly under different incandescent/fluorescent light wattage 
ratios in a growth chamber. Under subalpine conditions, Brown (1973) 
found that the transpiration rates of both smooth brome and intermediate 
wheatgrass are always higher than that for spikefescue (Hesperochloa 
kingii), a native grass. The transpiration rate of smooth brome 
remained higher than that of the other two grasses throughout the day 
and night. 
Water in the Soil-Plant-Atmosphere Continuum 
Numerous recent treatises covering the general field of water 
relations and the broad implications involved are readily available 
(Slatyer 1967, Kramer 1969, Hillel 1971, Rose 1966, Taylor and Ashcroft 
1972, Kozlowski 1964, 1968a, 1968b, 1972, Rutter and Whitehead 1963). 
9 
In addition, many excellent papers or books covering narrower aspects 
of some water relations topics can be recommended (Noble 1970, Levitt 
1972, Gardner 1965, Zelitch 1963, Slatyer 1963, Ilgin 1957, Philip 1964, 
1966, Cowan 1965, Slatyer and Denmead 1964, and Brown and Van Haveren 
19 72). 
Water relations research is concerned with the distribution, move-
ment, function, and status of water in soils, plants, and the atmosphere 
(Slatyer 1967, Kramer 1969). The distribution and movement of water 
among the various constituents of the environment, such as the soil, 
plants, and the atmosphere, occur largely in both the liquid and gaseous 
phases. The driving force for this movement are gradients in the free 
energy of water. Thus, the soil, plants, and the atmosphere can all be 
thought of as constituents of an elaborate system intimately linked 
together by a common energy bond (Gates 1962, Philip 1964, 1966, Cowan 
1965, Slatyer and Denmead 1964). Philip (1966) proposed the term 
"soil-plant-atmosphere continuum" to describe this system, which concep-
tually illustrates the idea of an energy continuum. 
10 
Terminology in water relations research 
It has long been recognized by workers in water relations research 
that the status of water can be expressed both as a capacity factor, 
such as quantity or amount, or as an intensity factor, such as its free 
energy (Crafts et al. 1949, Schofield 1949 [in Owen 1952]). Irrevers-
ible thermodynamics shows that all matter in nature tends to move from 
regions of high free energy, with the tendency toward rea ching a state 
of equilibrium. So it is with water in the soil-plant-atmosphere 
continuum, wherein water is free to move along gradients from higher to 
lower free energy (Philip 1966, Hillel 1970). 
Recognition of these concepts led to various proposals for the 
adoption of a uniform terminology in water relations research based on 
thermodynamic principles. Taylor and Slatyer (1960, 1961), and Slatyer 
and Taylor (1960) argued convincingly that the fundamental unit of 
measurement for describing the status of water should be its chemical 
potential (or partial molar Gibbs free energy). They adopted the term 
"water potential" as the fundamental unit from Schofield (1949, in Owens 
1952). Water potential has since replaced the more confusing hydraulic 
terms of diffusion pressure deficit (DPD), total soil moisture stress 
(TSMS), pF, suction force, and suction pressure. In 1931, Walter (1955) 
introduced ther term "hydrature" to describe the chemical condition of 
water in plants. Although this term is used to a limited extent water 
potential terminology has been more widely accepted. 
Based on thermodynamic principles, the following terminology in 
water relations research has been widely adopted (Slatyer 1967, Kramer 
1969, Kramer et al. 1966, Hillel 1970, Taylor and Ashcroft 1972), and 
will be used throughout this study. 
11 
Water potential. The water potential expresses the difference be-
tween the chemical potential of pure free water at reference temperature, 
elevation, and pressure, and the chemical potential of water in the sys-
tem (soil, plant, or atmosphere) at the same reference conditions. The 
chemical potential of pure free water is arbitrarily assigned a water 
potential of 0 bars. The chemical potential of water in the system, 
however, is usually lower than that of pure free water, and is expressed 
as a negative value. 
Among the various forces affecting the chemical potential of water, 
the more important ones are: 
1. Forces of capillarity, adsorption, and imbibition resulting 
from the contact of water with matrix surfaces (Warren Wilson 
1967a, Nielsen et al. 1970, Taylor and Ashcroft 1972); 
2. Forces due to the presence of dissolved solutes, such as salts, 
in solution with water (Slatyer 1967, Brown 1972); 
3. Forces of hydrostatic pressure, which may be either positive 
or negative (Warren Wilson 1967b, Slatyer 1967); 
4. Forces of gravitational attraction (Hillel 1970). 
The differences in gravitational attraction between the reference 
water and the water in the system are usually quite small, and except 
for unusual cases, are not considered (Slatyer 1967, Kramer 1969). 
Matric potential. The matric potential expresses the difference 
between the chemical potential of pure free water at reference tempera-
ture, elevation, and pressure and the chemical potential of water being 
held by forces of capillarity, adsorption, and imbibition, at reference 
temperature, elevation, and pressure (Slatyer 1967, Kramer 1969). 
These forces are Newtonian in nature (Spanner 1964, 1972), and lower 
12 
the chemical potential below that of pure free water. Thus, the matric 
potential is a negative quantity, expressed in bars, and is encountered 
primarily among soil particles and in the cell walls of plants (Warren 
Wilson 1967a, Hillel 1970). 
Osmotic potential. The osmotic potential expresses the differences 
between the chemical potential of pure free water at reference tempera-
ture, elevation, and pressure and the chemical potential of a solution 
containing dissolved solutes and water under reference conditions 
(Slatyer 1967, Kramer 1969). The introduction of solutes into water 
increases its entropy, results in the formation of ion-dipole and 
hydrogen bonds, and together with other forces of disorientation, com-
bine to lower the chemical potential of water. Thus, the osmotic 
potential, expressed in bars, is also a negative quantity. Osmotic 
forces are encountered in soils containing salts and other solutes, as 
well as in the cytoplasm and vacuole of plant cells (Warren Wilson 1967a, 
Noy-Meir and Ginzburg 1967). 
Pressure potential. The pressure potential expresses the differ-
ence between the chemical potential of pure free water at reference 
temperature, elevation, and pressure and the chemical potential of water 
in the system at reference temperature, but at a different pressure than 
that of the reference (Slatyer 196 7, Kramer 1969). The pressure poten-
tial in plants arises from hydrostatic forces due to turgor within the 
protoplast, and may be either a positive or negative quantity (Warren 
Wilson 1967b, Noy-Meir and Ginzburg 1967, 1969). Atmospheric pressure 
is usually taken as the reference, so the pressure potential term in 
soil is most often considered to be zero bar except under conditions of 
a positive hydrostatic head (Slatyer 1967). 
13 
The components of water potential 
The components of water potential, namely the osmotic, matric, and 
pressure potentials, represent the three principal forces affecting the 
energy status of water in the soil and in plant tissues (Warren Wilson 
1967a, 1967b, 1967c, Noy-Meir and Ginzburg 1967, 1969, Wiebe 1966, 1972, 
Slatyer 1967, Kramer 1969). At equilibrium the energy status of water 
can be described as the algebraic sum of the various components of water 
potential, wherein 
[1] 
where ~ is the water potential, ~ is the osmotic potential, ~ is the 
TI T 
matric potential, and ~ is the pressure potential. A gravitational 
p 
term (~ ) may be considered under special circumstances (Slatyer 1967, g 
Hillel 1970), but will be omitted here for simplicity. Also, an inter-
action term (~1 ) may be included to emphasize that the components are 
not independent of each other (Noy-Meir and Ginzburg 1967, }tiller 1972). 
The water potential in the soil, under most usual circumstances, 
is the sum of the osmotic and matric components (Rose 1966, Slatyer 
1967, Kramer 1969, Hillel 1970, Taylor and Ashcroft 1972). In some 
cases a pressure potential term may be added if a positive hydrostatic 
head is present. Hillel (1970) explains that the separa.tion of the 
pressure and matric terms is only a formality, but in the most simple 
terms the matric potential includes all forces due to capillarity, 
adsorption, and imbibition. 
Distribution of water potential 
components in plant tissue 
Plant tissues represent a far more complex system than soil in 
terms of the distribution of water potential components. The inter-
relations among the three primary water potential components are most 
complex within the heterogeneous cells of living tissue, such as in 
leaves or root tips. Water is free to move within the plant (as it is 
throughout the entire soil-plant-atmosphere continuum) along gradients 
of water potential, and hence moves and is distributed in different 
quantities in various parts of cells by different forces (Philip 1966, 
Warren Wilson l967a, Kramer 1969). 
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In living tissue the total water potential and its components are 
in a constant state of flux. Within a single turgid cell in equilibrium 
with the surrounding tissue, however, the water potential of the cell 
wall, cytoplasm, and vacuole are equal. Similar to the suggestion of 
Oertli (1968, 1969), this relationship can be expressed as 
1J;tissue = 1J;cell [2] 
where subscripts w, c, and v are the cell wall, cytoplasm, and vacuole, 
respectively. Although the water potential of the cell and surrounding 
tissue is the sum of the osmotic, matric, and pressure potentials 
(equation 2), that of the cell wall, cytoplasm, and vacuole may be corn-
posed of only one, two, or all three components. 
Within the cellulose fibers of the cell wall the water potential 
is primarily a function of matric forces, although a minor osmotic 
component may exist if solutes are present on the fibers (Warren Wilson 
l967a, Noy-Meir and Ginzburg 1967, Teoh et al. 1967, Kramer 1969). 
The protoplasmic gel of the cytoplasm contains solutes, colloids, 
organelle bodies, and is bounded by the plasmalemma and tonoplast. 
Within this gel the water potential is a function of the osmotic, matric, 
and pressure potentials. It is usually assumed that the osmotic 
component is of greater importance than the matric term within turgid 
cytoplasm (Warren Wilson 1967a, Oertli 1968, Wiebe 1966), although 
Noy-Meir and Ginzburg (1967) show that there may be local variations 
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in their magnitudes. In a turgid cell the pressure potential, forcing 
out against the plasmalemma and tonoplast membranes, partially balances 
the combined negative forces of the osmotic and matric components so 
that the cytoplasm water potential equals that of the cell wall. 
In the vacuole, surrounded by the tonoplast and containing mainly 
dissolved salts, organic acids, and few colloids, the osmotic and 
pressure potentials are the principal components of the total water 
potential. However, Noy-Meir and Ginzburg (1967) indicate that small 
matric forces may exist in the vacuole of some cells. Slatyer (1967) 
assumes it reasonable that the pressure potential in the vacuole is 
equal to that in the cytoplasm. From the above, it is probably safe to 
generalize that the total vacuole water potential is the algebraic sum 
of the osmotic and pressure terms, except under severe drying conditions 
(Warren Wilson 1967b, Kramer 1969). 
A number of excellent reviews on the importance of water potential 
and its components relative to physiological processes in plants are 
available (Iljin 1957, Crafts 1968, Gates 1968, Kramer 1969, Nobel 1970, 
Wiebe 1972). Wiebe (1972) summarizes the functions of water potential 
and its components as follows: w·ater potential gradients influence 
water movement across membranes; pressure potential gradients influence 
movement within the xylem, plasmodesmata, and sieve tubes, and when 
static, it influences cell enlargement, leaf rigidity, and stomatal 
aperture; osmotic potential influences biochemical reactions. Teoh et 
al. (1967) and Noy-Meir and Ginzburg (1969) correlate the magnitude of 
the matric component with the ability to resist drought stress. 
Partitioning water potential 
components in plant tissues 
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Numerous recent attempts to partition and measure the individual 
components of plant water potential have been made {Slavik 1963, 
Gardner and Ehlig 1965, Wiebe 1966, Boyer 1967, Warren Wilson 1967a, 
l967b, l967c, Noy Meir and Ginzburg 1967, 1969, Miller 1972, Brown 
1972). In addition, theoretical discussions of this problem are avail-
able (Oertli 1968, Slatyer 1967, Kramer 1969, Spanner 1972). 
The pressure potential is determined as the difference between the 
water potential of fresh living tissue and the water potential of the 
same tissue after killing it (Slavik 1963, Warren Wilson l967b, Noy-Meir 
and Ginzburg 1967). The pressure potential originates purely from 
turgor phenomena (Warren Wilson l967b, Kramer 1969), or hydrostatic 
forces on the cell membranes and wall. In a fully turgid plant the 
pressure potential is a positive force which balances the negative 
osmotic and matric components. Under these conditions the water poten-
tial is at zero bar (equation 1). As the water potential declines under 
desiccating conditions, the pressure potential decreases fro~ a positive 
value toward zero, while the osmotic and matric terms become more nega-
tive. If desiccation continues, the pressure potential may decline 
below zero bar (Warren Wilson 1967a, l967b, Slatyer 1957, Noy-Meir and 
Ginzburg 1967, Kreeb 1960, 1961, 1963). At this point the plant may 
assume a wilted appearance, and the cells in the leaf tissue become 
plasmolyzed (Kramer 1969). 
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The question of negative pressure potentials (or negative turgor 
pressure) is a rather controversial one (Slatyer 1967, Gardner and 
Ehlig 1965, Begg et al. 1964), and yet the evidence is abundant that 
this phenomenon occurs in many plants (Kreeb 1960, 1961, 1963, Scho-
lander et al. 1965, Slatyer 1957a, Warren Wilson 1967, 1969, Bennet-
Clark 1959, Brown 1972). The suggestion is offered by Slatyer (1967) 
that negative pressure potentials are artifacts of the technique used, 
and that they may be due to matric forces. This hardly seems reasonable 
in view of recent evidence. Noy-Meir and Ginzburg (1969) measured nega-
tive pressure potentials as low as -24 atm. in the leaf tissue of two 
trees and a shrub. They found that the pressure potential declined 
from positive to negative values with decreasing water potential, 
reached a minimum value, and then increased to zero again at very low 
water potentials. The matric component was obviously not responsible 
for these observations, since abundant data are available to substan-
tiate that the matric potential declines very steeply, but does not 
return to zero, at low water potentials (Gardner and Ehlig 1965, Wiebe 
1966, Slatyer 1957a, Warren Wilson l967b, Miller 1972). 
The residual water potential in killed tissue (usually by freezing) 
is composed of both an osmotic and a matric term (Warren Wilson l967a, 
Noy-Meir and Ginzburg 1967, Miller 1972). There has been some question 
regarding the importance of a matric term in herbaceous plant tissues at 
relatively high water potentials, and usually the water potential of 
killed tissue is expressed as the osmotic potential (Slavik 1963, Gard-
ner and Ehlig 1965, Millar et al 197la, Kramer 1969, Slatyer 1957a). 
However, recent evidence appears to clearly establish that the water 
potential of killed tissue (pressure potential equals zero bar) is a 
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sum of both osmotic and matric potential (Warren Wilson 1967a, Noy-Meir 
and Ginzburg 1967, Hiller 1972). At high water potentials the osmotic 
potential most often exceeds the matric term, but at low water poten-
tials the matric potential may become of greater importance (Warren 
Wilson 1967a, Noy-Meir and Ginzburg 1967). 
There appears to be little doubt that killing the tissue brings 
the pressure potential to zero bar (Warren Wilson 1967b, Noy-Meir and 
Ginzburg 1967, Spanner 1971, 1972), but there is considerable uncer-
tainty concerning the effect of killing on the distribution and relative 
magnitudes of the osmotic and matric potentials. For these reasons, and 
because of the uncertainty concerning the degree of interaction between 
them, methods of partitioning the osmotic and matric potentials in both 
plants and soils will require considerable more research (Bolt and 
Frissel 1960, Wiebe 1966, Boyer 1967a, Warren Wilson 1967a, Noy-Meir and 
Ginzburg 1967, Miller 1972, Spanner 1972). 
Measurement of water potential 
Methods of measuring the status of water in soils and in plant 
tissues have been extensively studied and are discussed in detail in the 
literature (Crafts et al. 1949, Taylor et al. 1961, Taylor 1965, 
Kramer and Brix 1965, Barrs 1968, Wiebe et al. 1971, Brown and Van 
Haveren 1972). Although there are many methods of measuring the water 
status, it was the recent development of the thermocouple psychrometer 
that provided water relations research with a quantitative thermodynamic 
approach to energy transfer. 
The thermocouple psychrometer employs the principles of dry- and 
wet-bulb temperature depression as a means of measuring the equilibrium 
vapor pressure adjacent to soil or plant tissue. The vapor pressure is 
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related to water potential, at constant temperature, according to 
the Kelvin equation: 
~ _e ln 
e 
0 
[3] 
where~ is the water potential (bars), R is the universal gas constant 
(ergs mole-l °K-1 ), Tis the absolute temperature (°K), Vis the partial 
3 -1 
molal volume of water (em mole ), e is the vapor pressure of water in 
the system at T, and e is the saturated vapor pressue of pure free 
0 
water at T (Slatyer 1967, Kramer 1969). 
Peltier thermocouple psychrometers are now used routinely to meas-
ure the in situ soil water potential (Rawlins and Dalton 1967, Dalton 
and Rawlins 1968, Brown 1970, Wiebe et al. 1971, Merrill and Rawlins 
1972). Although the water potential of ffiost plant tissues is measured 
using detached samples (Ehlig 1962, Campbell et al. 1966, Barrs 1966, 
1968, Mohsin and Ghildyal 1970, Barrs et al. 1970, Hsieh et al. 1971), 
recent technological advances now appear to make it possible to measure 
the in situ plant water potential, such as in tree trunks (Wiebe et al. 
1970, Meyn 1973), of xylem tissue (Lang and Barrs 1965), and on leaf 
surfaces (Hoffman and Splinter 1968a, 1968b, Hoffman and Rawlins 1972, 
Calissendorff and Gardner 1972). However, measurements of the water 
potential components of plant tissue still require that detached samples 
be used (Boyer 1965, Warren Wilson 1967a, Kaufman 1970, Miller 1972, 
Brown 1972). Measurement of in situ soil water potential components 
with thermocouple psychrometers is possible, however (Rawlins 1971). 
Calibration of thermocouple psychrometers is performed under controlled 
temperature and vapor pressure conditions in the laboratory (Brown 1970, 
Wiebe et al. 1971, Meyn and White 1972). 
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The water potential of detached leaf samples is determined by 
suspending the thermocouple psychrometer over the tissue in a sealed 
chamber at constant temperature (Wiebe et al. 1971, Gavande and Taylor 
1967). It is recommended that the bottom and side walls of the chamber 
be lined with tissue so that the psychrometer is surrounded by evaporat-
ing surface (Rawlins et al. 1968). This precaution enhances the rate of 
vapor pressure equilibrium in the chamber, and reduces vapor adsorption 
by the chamber walls and leaf surfaces. These steps are performed in a 
high humidity chareber to reduce evaporation loss during preparation. 
Vapor pressure and temperature equilibrium are usually achieved in about 
2 hours after immersion in the water bath (Brown 1972), although this 
should be determined periodically. 
The total leaf water potential is measured as described above, 
after which the tissue is killed, usually by freezing, to disrupt the 
cellular membranes (Ehlig 1962, Boyer 1965, Rawlins 1963, Warren Wilson 
1967a, Brown 1972). By killing the tissue the pressure potential com-
ponent falls to zero, leaving only the osmotic component (Boyer 1965, 
Rawlins 1963), or a complex sum of osmotic and matric potentials as a 
residual (Warren Wilson 1967a, Noy-Meir and Ginzburg 1967, 1969, Miller 
1972, Brown 1972). By simple subtraction of the osmotic potential 
(or osmotic plus matric potentials) from the total water potential, 
the pressure term is easily determined (equation 1). 
A number of precautions have been discussed concerning the use of 
the methods described above. Barrs (1964) found that heat released 
within the sample chamber due to leaf respiration can affect water 
potential measurements. However, he (Barrs 1965) describes a technique 
to correct this potential error, whereby the readings before and after 
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cooling the psychrometer are combined. Other potential errors with 
thermocouple psychrometers, but which can £~sily be corrected or avoided, 
are discussed by Brown (1970), Wiebe et al. (1971), and Barrs (1968). 
There are some apparent disparities between the water potentials 
of sliced and unsliced tissue (Shmueli and Cohen 1964, Barrs 1968, Barrs 
and Kramer 1969). Shmueli and Co·hen (1964) point out that the water 
potential of detached samples may not be the same as that of intact 
leaves. Barrs and Kra.mer (1969) found that the water potential of 
sliced leaves is higher than cf unsliced controls. However, Barrs 
(1968) and Barrs and Kramer (1969) show that relatively large tissue 
s~ples show a negligible effect, and that valid estimates of leaf 
water potential can be made. 
Plant Water Relations 
The water relations of different plant species is determined, to a 
considerable extent, not only by anatomical and physiological character-
istics of the plant (Slatyer 1963, Parker 1968, 1972, Levitt 1972). The 
water relations of plants may be a primary factor limiting their ecologi-
cal amplitude. Kramer (1969) states; "The distribution of vegetation 
over the surface of the earth is controlled more by the availability of 
water thar~ by any other single factor." Recent evidence would seem to 
overwhelmingly substantiate this contention (McMinn 1952, Daubenmire 
1972, Love and west 1972, Whalley 1972, Whalley and Davidson 1968, Cary 
1971, Rychnovska 1966, 1967, Tranquillini 1963). 
As discussed by Kramer (1969), the basis fer the ecological 
importance of a species' water relations stems from physiological 
characteristics. The physiological mechanisms involved in water stress 
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resistance, or drought resistance, are reviewed thoroughly by Levitt 
(1972). In his excellent treatment of this subject, he subdivides 
stress resistance into (1) stress avoidance, and (2) stress tolerance. 
Stress avoidance is resistance by avoiding thermodynamic equilibrium 
with water stress, and stress tolerance is resistance by an ability to 
come to thermodynamic equilibrium with water stress. Levitt (1972) 
defines drought resistance as the en vi ronmen tal water stress necessary 
to produce a specific plastic strain resulting in death of 50 percent of 
the plant. 
Water movement in the soil-plant-atmosphere continuum occurs along 
gradients of free energy, moving from regions cf higher to regions of 
lower water potential (Cowan 1965, Gardner 196.5, Slatyer and Denmead 
1964, van den Honert 1948). Under normal conditions the gradient of 
decreasing water potential progressively steepens from the soil to the 
plant, through the vascular system of the plant to the leaves, and from 
the leaves to the atmosphere. Water largely follows a source-sink 
pattern, with the soil usually as the ultimate source of plant water, 
and the atmosphere as the ultimate sink (Crafts 1968). In the soil, 
water occurs as both a liquid and a vapor, whereas within the plant 
water occurs as a liquid continuum throughout the vascular system 
(Crafts 1968, Slatyer 1967, Kramer 1969). Within the sub-stomatal 
cavity, however, a phase change from liquid to vapor occurs in response 
to transpiration loss from the leaf to the atmosphere. Thus, water is 
seldom, if ever, in a state of equilibrium in the soil-plant-atmosphere 
continuum (Slatyer 1967, Kramer 1969). 
Slatyer (1963) indicates that there are two main groups of factors 
influencing the concentration of water in plants: (1) those which 
control the base level of water in nontranspiring plants so that the 
water potential is at equilibrium with the soil water potential, and 
(2) those that influence the lag of water absorption behind transpira-
tion in the transpiraing plant. 
Absorption of water by plants 
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The physiological process of water absorption by plant roots has 
been extensively studied as a passive process (Slatyer 1960, 1967, 
Gardner 1964, 1965, Gardner and Ehlig 1962), and active absorption is 
discussed by Slatyer · (1960, 1967) and Kramer (1969). Physical passive 
absorption, which occurs in response to gradients of decreasing water 
potential from the soil to the root, is far more important (Slatyer 1960, 
Gardner and Ehlig 1962). Passive absorption of soil water by roots 
occurs largely in response to transpiration by the aerial parts of the 
plant. As water is lost to the atmosphere by transpiration, leaf water 
potential declines, which in turn develops a gradient of increasing 
water potential from the leaves down the vascular system to the roots. 
When root water potential falls below that of the soil in response to 
transpiration demand, water enters the roots (Slatyer 1960, 1963, 1967, 
Gardner 1964, Gardner and Ehlig 1962). As transpiration proceeds, the 
gradient of decreasing water potential from the roots to the leaves 
steepens, and absorption tends to lag behind transpiration (Slatyer 
1960, Denmead and Shaw 1962, Gardner 1964, Kramer 1969). 
The lag of absorption behind transpiration is caused by a resist-
ance to water movement, chiefly in the cells of the roots, and can 
attain considerable magnitudes (Gardner 1964, 1965, Boyer 1971, Denmead 
and Shaw 1962, Kramer 1963, 1969). With decreasing soil water poten-
tial the capillary conductivity of the soil declines very rapidly, 
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resulting in larger absorption lags (Lang and Gardner 1970, Denmead and 
Shaw 1962). Gardner and Ehlig (1962) assumed that absorption is propor-
tional to the water potential difference between the soil and plant and 
inversely proportional to the impedance of water movement in the soil 
and plant. Gardner (1964) determined that the distribution of roots 
with depth and the water retaining and transmitting properties of soil 
determine the main features of water uptake patterns. Taylor and 
Haddock (1956) speculate that water absorption is a function of root 
activity, and that the soil ~ill dry out most rapidly in regions where 
root activity is greatest. 
The most important overall factor affecting water absorption 
appears to be the water potential at the root surface (Slatyer 1960, 
1967, Kramer 1969). Most other factors such as low temperature (Ehrler 
1963, Tew et al. 1963, Slatyer 1960) partially act indirectly through the 
the water potential. Kramer (1965) and Luxmoore and Stolzy (1972) show 
that inadequate root aeration reduces water absorption indirectly by 
reducing the size of the root system and directly by decreasing the 
permeability to water. Thorup (1969) showed that water absorption is 
severely reduced when the OH- ion concentration increases significantly. 
At a pH of 8.8 tomato plants show rapid wilting and curtailment of 
absorption, apparently due to denaturation of cytoplasmic proteins 
(Thorup 1969). 
The role of transpiration 
in water relations 
Transpiration is basically a passive physical process involving 
water vapor transfer along a concentration gradient from the evaporating 
sites within the plant to the bulk atmosphere (Bange 1953, Gates 1964, 
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Holmgren et al. 1965, Slatyer 1966, 1967, Meidner and Mansfield 1968, 
Kramer 1969). Transpiration is dependent on; (1) an energy supply to 
satisfy the latent heat demand, (2) a water vapor concentration gradient 
to provide the driving force for vapor flow, and (3) the diffusive 
resistances located in the vapor pathway (Slatyer 1966, 1967, Rawlins 
1963, Molz et al. 1968). When the soil water potential is high, tran-
spiration proceeds primarily as a function of the vapor concentration 
gradient between the leaf surface and the atmosphere. However, as the 
soil water potential declines, and with consequent decreases in leaf 
water potential and cell turgor, water vapor in the transpiration stream 
is met with increased resistance to flow due to the drying mesophyll and 
reduced stomatal aperture (Raschke 1958, 1970, Rawlins 1963, Slatyer 
1966, Gardner and Ehlig 1963, Ehlig and Gardner 1964). 
Of the three mechanisms by which heat is transferred between the 
plant and its environment, namely radiation, convection, and latent heat 
exchange, the latter represents the one mechanism over which the plant 
exerts some degree of control (Gates 1964, Slatyer 1966, Wolpert 1962). 
The degree of control exerted by the plant can quantitatively be 
expressed as the leaf resistance (Slatyer 1967, Raschke 1958, 1970, 
Miller and Gates 1967). The measurement of leaf resistance provides a 
quantitative estimate of the efficiency with which plants are capable 
of utilizing and exchanging energy with the environment (Raschke 1958, 
1970, Miller and Gates 1967, Slatyer 1966, Drake et al. 1970, Drake and 
Salisbury 1972, Linacre 1972). 
As water vapor travels from the evaporation sites within the sto-
matal cavity, primarily where the mesophyll cell walls are exposed to 
intercellular spaces, it encounters various sites of resistance. These 
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resistances represent restrictions imposed on the pathway of water vapor 
as it travels from the leaf to the atmosphere. The major sources of 
resistance include a total leaf resistance and a boundary layer resist-
ance over the surface of the leaf (Raschke 1958, Slatyer 1966, Miller 
and Gates 1967, Holmgren et al. 1965, Wolpert 1962, Linacre 1972). The 
total leaf resistance is composed of a cuticular and a stomatal compon-
ent, wherein the latter is described as the most important and most 
responsible for fluctuations in total leaf resistance (Slatyer 1966, 
Drake and Salisbury 1972). The stomatal resistance is caused by resist-
ance in the mesophyll cell, intercellular spaces, and the stomatal pore. 
Methods of measuring the leaf resistance in plants have been widely 
discussed (van Bavel et al. 1965, Kanemasu et al. 1969, Morrow and 
Slatyer 1971, Miller and Gates 1967). Diffusion parameter instruments 
such as those discussed by van Bavel et al. (1965) and by Kanemasu et 
al. (1969) are now generally used. Mathematical models of the relation-
ships among leaf temperature, leaf resistance, and transpiration rate 
have shown that methods of measuring leaf resistance are valid in 
principle (Cowan 1972, Linacre 1972). However, Morrow and Slatyer 
(1971) show that substantial errors can be introduced into estimates of 
leaf resistance using diffusion parameters if the temperature differen-
tial between the porometer and leaf is great. 
The relationships between transpiration resistance and leaf tempera-
ture, leaf water potential, and other physiological parameters appear 
to offer a potentially useful means of evaluating a plant's response to 
environmental conditions. Plants growing in wet soil demonstrate lower 
leaf resistances as leaf temperature increases (Holmgren et al. 1965, 
Drake et al. 1972). Drake et al. (1970) found, however, that in a humid 
27 
environment resistance of Xanthium leaves increases with increasing 
leaf temperature, and then declines at high leaf temperatures. As leaf 
temperature increases in a plant that is well supplied with water a 
larger share of the absorbed energy is dissipated by transpiration. 
Drake et al.(l970) show that leaf temperature will not rise in linear 
proportion to increasing net radiation or air temperature because tran-
spiration increases, and leaf resistance decreases. However, when the 
water supply is limiting, decreasing leaf water potential results in a 
loss of turgor in the guard cells, and leaf resistance increases 
(Slatyer 1967, Kramer 1969). 
When the plant experiences a water deficit of sufficient magnitude 
to cause stomatal closure, leaf resistance increases, and leaf tempera-
ture increases. Cox and Boersma (1967) showed that small decreases in 
soil water potential, from -0.7 to -1.32 bar, resulted in substantially 
higher leaf resistances in clover. Also, they demonstrate that as soil 
water potential declines, leaf water potential decreases sharply, result-
ing in lower transpiration rates, concomitantly higher resistances, 
and increased leaf temperatures. Stevenson and Shaw (1971) found that 
the upper younger leaves of soybeans had lower resistances than lower 
leaves, presumably demonstrating preferential flow of water to young 
tissues. Slatyer (1967) points out that only when leaf water potential 
affects the resistances to vapor flow will it significantly affect 
transpiration. He suggests that only when the leaf water potential 
reaches some critical value will it influence the resistance to tran-
spiration, and that this influence occurs within narrow ranges of leaf 
water potential. Kanemasu and Tanner (1969) found that leaf resistance 
of snap beans is not significantly affected at water potentials above 
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-8 to -11 bars. When the leaf water potential declines below the 
critical value, however, leaf resistance increases sharply. The leaf 
resistance acts as an on-off switch at the critical level of leaf water 
potential and helps prevent further losses in leaf water status. 
Moreshet (1970) calculated cuticular resistance of sunflower from the 
total leaf resistance, and found it to be inversely related to relative 
humidity. 
The development of 
plant water deficits 
As transpiration proceeds in a turgid plant growing in moist soil, 
plant water potential will decline in response to the transpiration 
demand of the atmosphere, and eventually will begin to deplete the 
water in the soil. During the day, a steep water potential gradient 
will develop between the soil and the leaves of the plant in response 
to the transpiration demand and the absorption lag behind transpiration 
(Slatyer 1967, Kramer 1969). However, at night, when the transpiration 
demand of the atmosphere is reduced and the stomata are normally closed, 
water absorption from the soil replaces that lost as transpiration (or 
at least partially so), and leaf water potential increases to about 
equal the soil water potential. This general pattern of the diurnal 
rhythm of plant water potential, caused by relative rates of transpira-
tion and absorption, was first proposed by Slatyer (1957b). On each 
successive day transpiration reduces leaf water potential to successive-
ly lower levels, wherein the quantitative lag of absorption behind 
transpiration increases as the soil dries, and hence the magnitude of 
the internal water deficit increases. When soil water potential 
declines such that the hydraulic conductivity is too low to maintain 
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flow, water absorption will be too slow to restore the plant water 
potential at night. As leaf water potential declines, the pressure 
potential also decreases to zero bar, such that leaf water potential 
equals osmotic potential. At this point, according to Slatyer (l957b), 
leaf water potential, root water potential, and soil water potential are 
all equal, and the plant will be at the permanent wilting point (see 
next section, below). 
Although there may still be some unresolved questions regarding the 
equality of leaf, root, and soil water potentials at permanent wilting, 
the diurnal rhythm and oth~r general relationships proposed by Slatyer 
(l957b) have been substantiated by numerous studies. Gardner and Nieman 
(1964) studied the diurnal pattern of water potential in the soil and 
leaves of a pepper plant, and found the daily rhythm to follow Slatyer's 
(l957b) proposal closely. The same general pattern has been found to 
occur in many herbaceous and woody plants (Klepper 1968, Slatyer l957a, 
Miller et al. 197la, l97lb, De Roo 1969, Rutter and Sands 1958, 
Weatherley 1963, Gardner 1965, Wiebe et al. 1970, Knipling 1967, Kramer 
1969, Cowan and Hil thorpe 1968, Cowan 1965). 
The magnitudes of plant water deficits have been shown to be 
determined by soil water potential and by the degree to which absorption 
lags behind transpiration (Slatyer 1963, 1967, 1969). Soil water 
potential establishes a base level for plant water potential, over which 
the plant has little, if any control. However, the plant can exercise 
some degree of control over transpiration, and hence the absorption lag, 
by stomatal closure (Slatyer 1967, Rawlins 1963). Examples of stomatal 
control of transpiration under conditions of increasing water deficit 
are numerous (Boyer l967b, Brown 1973). 
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Unfortunately, most of the research in soil-plant water relations 
has been concerned only with relatively mild water deficits that affect 
crop yield (Hoffman et al. 1971, Hoffman and Rawlins 1971, Boyer 1970, 
Gavande and Taylor 1967, Gardner and Ehlig 1965, Millar et al. 197la). 
As a result, relatively little is known about the magnitudes of plant 
water potentials under extremely dry conditions below the so-called 
permanent wilting point. Slatyer (1957a) measured leaf water potentials 
in tomato, privet, and cotton down to -40 to -80 bars under greenhouse 
conditions. At these extremely low water potentials he measured 
negative pressure potentials as large as -10 bars. Noy-Meir and 
Ginzburg (1969) measured leaf water potentials as low as -160 atm. in 
Atriplex halimus, with a minimum pressure potential of -8 atm. at a 
water potential of -114 atm. Gaff (1971) measured the desiccation and 
subsequent survival of four species at water potentials equivalent to 
33 percent relative humidity under field conditions. Oppenheimer (1960) 
found that blue grama (Bouteloua gracilis) may lose up to 98.3% of its 
free water and still survive. These examples serve to point out that 
the range of critical plant water potentials is by no neans confined 
to those only in the range of active growth. Plant responses to extreme 
water deficits remain relatively unknown, and the profound physiological 
and ecological implications of these responses are largely yet to be 
explored. 
Studies of the influence of both soil water status and atmospheric 
environmental conditions on the internal water relations of plants are 
relatively few (Rutter and Sands 1958, Slatyer 1957a, Weatherley 1963, 
Denmead and Shaw 1962, Fischer and Kohn 1966, Gavande and Taylor 1967, 
Idso 1968, Rawlins et al. 1968, De Roo 1969, Wiebe et al. 1970, Miller 
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et al. 1968, 1970, 197lb, Hoffman and Rawlins 1971, Hoffman et al. 1971, 
Longenecker and Lyerly 1971, Meyn 1973). In general, it has been shown 
in these studies that plant or leaf water potentials decrease as the 
soil water potential decreases, and that the rates and magnitudes of 
leaf water potential decreases are greater as the severity of the 
atmospheric transpiration demand increases. The role of soil water 
potential in establishing a base level for plant water potential, par-
ticularly at night, has been emphasized (Rutter and Sands 1958, Slatyer 
1957a, 1963, Denrnead and Shaw 1962, Gavande and Taylor 1967). 
Of greater significance, however, is the clarification of the role 
of atmospheric conditions on the diurnal flux of the internal water 
status of plants (Weatherley 1963, Gavande and Taylor 1967, Idso 1968, 
Millar et al. 197lb, Hoffman and Rawlins 1971, Hoffman et al. 1971). It 
is now clear that water becomes progressively less available as the soil 
water potential decreases, but generalizations about just where stress 
begins are highly misleading. The excellent review by Gardner (1968) 
has clarified the concept of soil water availability to plants, wherein 
he discourages the term "water availability" because it implies that 
soil water controls the internal water status in plants. It is gener-
ally accepted that soil water status alone cannot be used to evaluate 
the effects of water stress on plants. Rather, detailed and simultane-
ous studies of the atmospheric conditions are required, with care being 
taken to specify the kind of plant being studied and its stage of 
growth taken into account. Also, research in plant water relations has 
shown the importance that environmental factors have on the relative 
magnitudes of the water potential components in plant tissues (Slatyer 
1957a, Gavande and Taylor 1967, Hoffman and Rawlins 1971). It now 
appears entirely possible to quantitatively evaluate the influence of 
soil water status and atmospheric environmental conditions on the 
internal water relations of plants. 
As expressed so eloquently by Kramer (1963), the essential 
feature in plant water relations is the expression of the internal 
32 
water balance in plant tissues because this is what controls physiologi-
cal processes responsible for growth. The movement of water in tissues, 
from cell to cell and organ to organ, although only briefly considered 
here, is discussed in considerable detail elsewhere (Briggs 1967, 
Slatyer 1967, Kramer 1969). Likewise, the role of water, and the 
effects of water deficits on photosynthesis and other physiological 
processes are discussed by Slatyer (1967, 1969), Parker (1968, 1972), 
Todd (1972), and Kramer (1969). It is noteworthy to emphasize the works 
of Boyer (1970) and Idso (1968) in this regard also. 
Slatyer (l957b) suggests that many of the observations made in 
water relations research are dependent upon the methods used. Unfor-
tunately, this is not universally recognized by researchers conducting 
work in the name of water relations research. Recognition of common 
errors in research studies, such as those suggested by Hendrickson and 
Veihmeyer (1941), Caldwell and Caldwell (1970), Morrow and Slatyer 
(1971), Barrs and Kramer (1969), Brown (1969), Meyn and White (1972), 
Slatyer (l957a, l957b) and others is absolutely essential. Research 
under controlled conditions, especially in recently available modern 
growth chambers, is particularly subject to subtle environmental 
irregularities that must be recognized (Pallas and Michel 1971, Barrs 
1971, Evans 1963). 
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Sampling of representative plant parts is often a problem in 
water relations research. Plant leaves are most often used because they 
are exposed and are sensitive indicators of water stress (Kramer 1969). 
However, the water relations of different leaves on the same plant 
often show quite variable results due to methods of collection (Brown 
1969), methods of handling (Barrs and Kramer 1969, Kreeb 1960), and due 
to leaf position on the plant and leaf age (Catsky 1962, Knipling 1967, 
Stevenson and Shaw 1971). For example, Knipling (1967) and Catsky 
(1962) found that older leaves have lower water potentials than young 
leaves. 
The stage of plant development and the previous history of the 
plant often influence its water relations. Fischer and Kohn (1966) 
found that the relative turgidity in leaves of wheat decreased as 
flowering progressed. }filler et al. (1968) found the relative water 
content-leaf water potential relationship for barley to shift toward 
lower water potentials as the plant approaches heading and maturity. 
They attributed this shift to aging effects of decreased elasticity and 
increased osmotic concentration. De Roo (1969) shows that while the 
leaves of tobacco follow a usual course of water status, the roots do 
not change diurnally. Longenecker and Lyerly (1971) found that diurnal 
fluctuations in petiole water content are much less than those of 
leaves, and that fresh weight water contents are higher in petioles than 
of attached leaves. Millar et al. (197la) found that the water poten-
tials of florets and pedicels of onion are always lower than leaf water 
potentials. Klepper (1968) found that pear tree leaves that are near 
the fruit generally have higher water potentials than leaves that are 
far from the fruit. 
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The occurrence of wilting appears to severely affect physiological 
processes in plants. Allaway and Mansfield (1970) found that wilting 
killed about 2 percent of the guard cells in Rumex sanguineus, even 
though the water content of the leaves recovered quickly after watering. 
Sudnitsyn and Muromtsev (1971) studied the effects of successive numbers 
of drought cycles on the relative transpiration rates of oats. They 
found that relative transpiration begins to decrease at lower soil water 
potentials for plants experiencing greater numbers of drought cycles. 
Wilting phenomena in plants 
The phenomenon of wilting in plants due to water deficits has been 
the subject of a great deal of scientific concern. It would be entirely 
presumptuous, and physically impossible, to attempt a complete review 
of the literature of this subject here, but some excellent reviews are 
available elsewhere (Slatyer 1957b, 1967, Kramer 1969). 
Briggs and Shantz (1912) introduced the term "wilting coefficient" 
to refer to the soil water content at which plants remain wilted unless 
water is added. This concept became more widely known as the 
"permanent wilting percentage." They found that many plants showed 
visible signs of wilting when the soil was at about the 15 bar percent-
age, which eventually came to be accepted as a soil constant. Furr and 
Reeve (1945) introduced the concept of "first permanent wilting percent-
age" when the first leaves showed visible wilting, and "ultimate 
permanent wilting percentage" when the entire plant wilted. Hendrick-
son and Viehmeyer (1945) and Veihmeyer and Hendrickson (1950) considered 
the permanent wilting percentage to be the soil water content at which 
water absorption stops. 
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The concept that plant wilting is associated with a soil water 
constant has been completely rejected (Slatyer l957b, 1967, Kramer 1969). 
Slatyer (l957b) pointed out that wilting occurs because of a loss of 
turgor in plant tissues, and depends on meteorological conditions, 
root density, osmotic characteristics of the plant, and soil water con-
ditions. Slatyer (l957b, 1960) also indicates that there is no physical 
reason why water absorption should not occur even after the death of the 
plant, and that the wilting condition is associated with the more-or-
less permanent closure of the stomata. These observations have been 
substantiated by numerous subsequent observations (Gardner and Ehlig 
1965, Gardner and Nieman 1964, Gavande and Taylor 1967, Noy-Meir and 
Ginzburg 1969, Slatyer l957a, Millar et al. 1968, 1970, l97la, l97lb, 
Sykes 1966, Sykes and Loomis 1967). 
According to Slatyer (1957b), wilting occurs in plant tissues when 
the pressure potential declines to 0 bar such that leaf water potential 
equals osmotic potential. At this point a dynamic equilibrium exists 
between the soil water potential, leaf water potential, and the osmotic 
potential of the leaf cells. He advances the argument that as transpi-
ration proceeds, and as the soil water reservoir is depleted, leaf water 
potential declines until eventually pressure potential cannot fully 
recover at night. Although Gardner and Nieman (1964) and other authors 
concur with this observation, Gardner and Ehlig (1965) and Millar et al. 
(1970) observed that some plants experience a change in cell elastic 
modulus properties at about +2 bars pressure potential. This change in 
elasticity is associated with "first visible wilt," but that ultimate 
wilting does not occur until lower water potentials are attained. 
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The observation of the wilting phenomenon in plants is most often 
associated with visible wilting (Sykes 1966, Sykes and Loomis 1967, 
Jordan 1970, Millar et al. 197la, Rutter and Sands 1958, Slatyer 1957a, 
Denmead and Shaw 1962, Brown 1969, De Roo 1969, Loper 1972, Sudnitsyn 
; 
and Muromtsev 1971, Gavande and Taylor 1967, Slavik 1963). However, as 
pointed out by Slatyer (1957a, 1957b, 1967), not all plants display 
visible wilting. Also, it is apparent that even in those plants that 
do show visible wilting symptoms, the visible signs of wilting may not 
yield a true measure of the so-called wilting point. This most critical 
point explains the often wide differences in reported wilting points in 
plants (see Table 1). For instance, Slatyer (1957a) observed visible 
wilting in tomato, privet and cotton at leaf water potentials of -19, 
-45, and -43 bars, respectively. Yet the points of zero pressure 
potential were -17, -27, and -34 bars, respectively, indicating that 
true physiological reaction to drought occurred before the symptoms were 
visible. 
Table 1. Summary of some permanent wilting points of plants quoted in the literature, the environmental 
conditions under which they were measured, and the leaf water potentials at stomatal closure 
(if reported). 
Species 
Tomato 
visible 
zero turgor 
Privet 
visible 
zero turgor 
Cotton 
visible 
zero turgor 
Wilting Eo in t 2 
leaf soil 
-19 -20 
-17 -20 
-45 -48 
-27 -48 
-43 -38 
-34 -38 
bars 
Environmental 
conditions 
Greenhouse, 65-97°F 
15 hr. photoperiod 
II 
II 
Stomatal closure 
bars Reference 
Slatyer 1957a 
II 
II 
----------------------------------------------------------------------------------------------------------
Pepper 
-15 - 9 25°C, 12 h photo-
period 
Gardner and 
Nieman 1964 
----------------------------------------------------------------------------------------------------------
Sunflower 21-27°C air temp- Sykes 1966 
loam 
- 7.0 erature, growth and 
clay loam 
-11.9 chamber Sykes and Loomis 
Tobacco 196 7 
loam 
-10.5 II II 
clay loam 
-16.1 
Corn 
loam 
-14.5 II II 
clay loam 
-21.4 
Cassia 
Loam II II 
clay loam 
-34.7 w '-.1 
Table 1. Continued 
Species 
Intermed. whtgrass 
loam 
clay loam 
Orchard grass 
Tomato 
Barley (boot stage) 
Oats (drought cycles) 
l 
2 
3 
Wilting point, bars 
leaf soil 
-38 
-25 
-28 
-32 
-20.5 
-38.6 
- 4.5 
- 7.5 
- 8.0 
- 6 
(est) 
-19 
-20 
-24 
Environmental 
conditions 
2l-27°C air temp-
erature, growth 
chamber 
86°F, 30% RH 
70°F, 60% RH 
86°F, 30% RH 
12.2-15.9 mm Hg 
VPD, greenhouse 
20-23°C, 30-50% 
RH, 7000 lx 
Stomatal closure 
bars Reference 
Sykes and Loomis 
196 7 
Gavande and 
Taylor 196 7 
Millar et al. 
1970 
Sudni tsyn and 
Muromtsev 1971 
----------------------------------------------------------------------------------------------------------
Wheat (tillering) 
(heading) 
-13 
-13 
-15 
-18 
-17 
-26 
Frank et al. 
19 72 
----------------------------------------------------------------------------------------------------------
Corn 
Sorghum 
Tobacco 
-17 
-19 
-13 
early morning 
in the field 
-17 
-19 
-13 
Turner 19 72 
w 
co 
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~lliTHODS 
General Procedures 
The water relations of two grass species, smooth brome and inter-
mediate wheatgrass, were investigated under a range of environmental 
conditions in this study. The plants were grown from seed in a green-
house until the desired stage of vegetative development was reached. 
Then the plants were transferred to an environmental growth chamber that 
had been programmed for a specific set of environmental conditions 
(including air temperature, vapor pressure, radiation, wind speed, and 
day length), wherein the appropriate experimental observations were 
made. Six plants of both species were studied simultaneously under each 
set of conditions to maximize environmental uniformity. The entire 
procedure was then replicated at a later date to increase the sensitiv-
ity of the experiment. 
Preliminary Growth 
Smooth brome and intermediate wheatgrass plants were grown from 
seed under glasshouse conditions in a sandy-loam soil in 2.5 liter 
capacity plastic pots that allowed for drainage of excess water. The 
seeds of each species were collected from plants that originated as 
vegetative ramets from a single plant that had been grown to maturity 
in the glasshouse. Careful artificial pollination among the ramets of 
each species reduced the chances of genetic variability among seeds 
used. Following emergence the young plants were thinned to one 
healthy seedling per pot. The soil water potential in each pot was 
maintained above -1 bar as determined with tensiometers in several 
representative pots. All of the plants were supplied with a complete 
nutrient solution every week. 
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Since the water relations of plants change with age and stage of 
development (Levitt 1972), only plants of the same age and degree of 
vegetative growth were used. The emergence of basal tillers and their 
rapid vegetative development, just prior to flower initiation in the 
main stem_, was selected as a convenient and easily recognizable stage of 
growth (Jewiss 1972). This stage of development was usually reached in 
10 to 12 weeks after planting under the glasshouse conditions used. 
Twelve pots of each species were planted at weekly intervals 
starting at the beginning of the study, and continued until the study 
was completed. When the twelve plants of each species reached the 
desired stage of development, six of the most uniform plants of each 
were selected out for study in the growth chamber; the remaining six 
plants of each species were discarded. After the water relations of the 
six plants of both species had been studied under one environmental 
condition, usually requiring about four days, the next group of plants 
(which had been planted a week later) had reached the proper stage of 
development and was ready for study under another set of environmental 
conditions. In same cases a group of plants would reach the tillering 
stage before they could be used; these plants were discarded and the 
next group, a week younger, was used instead. 
The environmental conditions in the glasshouse were controlled and 
recorded as accurately as possible to maintain relatively uniform 
conditions for preliminary growth throughout the study. Air temperature 
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during the day was maintained at 21 ± 2.5°C, except for several 
occasions when it reached near 30°C during periods of high solar 
radiation. Night temperatures remained at 15 ± 2°C. Relative humidity 
fluctuated between 40 and 80 percent depending upon the frequency of 
watering. Air temperature and relative humidity were continuously 
recorded with a calibrated Belfort hygrothermograph adjacent to the 
growing plants. Artificial light was provided with fluorescent and 
incandescent lamps to extend the day length to 14 hours during the late 
summer, fall, and winter months (mid-summer day length is about 14 hours 
in Logan, Utah). Solar radiation (0.3 to 3.0 n m wavelength) in the 
glasshouse was quite variable from one season to the next, ranging from 
summer highs of about 1.1 cal cm-2 min-l to winter maximums of about 
-2 -1 0.25 cal em min . Solar radiation was continuously monitored with a 
Bel fort pyrheliograph, also situated adjacent to the growing plants. 
Wind speed in the glasshouse varied between 10 and 45 em sec-1 , and was 
monitored periodically with a Hastings hot wire anemometer. 
Experimental Conditions 
The water relations responses of smooth brome and intermediate 
wheatgrass were studied under nine different sets of environmental 
conditions in a Sherer-Gillett CEL 37-14 growth chamber. The variable 
factors under these environmental conditions included three vapor 
pressure deficit regimes in each of three day/night temperature 
regimes. The constant factors common to each of the nine environments 
include photoperiod (14 hours), shortwave radiation (0.5 cal cm-2 
-1 -1 
min ), and wind speed (45 em sec ). The nine sets of environmental 
conditions are summarized in Table 2. 
Table 2. The nine sets of environmental conditions programmed in the growth chamber under which the 
water relations of smooth brome and intermediate wheatgrass were studied. 
Temperature 
day/night 
(o C) 
15/10 
15/10 
15/10 
20/15 
20/15 
20/15 
25/20 
25/20 
25/20 
Vapor pressure 
deficit 
(nrrn Hg) 
6.2 
8.8 
11.4 
6.2 
8.8 
11.4 
6.2 
8.8 
11.4 
Relative 
humidity 
(%) 
52/33 
31/13 
11/13 
65/50 
50/31 
35/11 
74/65 
63/50 
52/35 
Wind 
speed 
(em sec-1) 
45 
45 
45 
45 
45 
45 
45 
45 
45 
Radiation 
shortwave 
(cal cm-2min-l) 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
Photo-
period 
(hours) 
14 
14 
14 
14 
14 
14 
14 
14 
14 
Temperature in the growth chamber was programmed by means of a 
~ dual-temperature controller and a 24-hour time clock. A dry-bulb 
thermistor sensor was mounted on the upper surface of the plant bench, 
in the center, immediately adjacent to the plants. The sensor was 
wired to a Partlow recorder mounted on the exterior of the chamber. 
Temperature was controlled to within± l ° C. 
Humidity control was provided by means of pre-cut cams mounted 
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on a wet-bult Partlow recorder, located on the exterior of the chamber. 
The cam controlled a solenoid-actuated water vaporizer in the chamber 
below the plant bench. Dehumidification was provided by an exterior 
Dryomatic model 105, through which the growth chanber air was circulated. 
A wet-bulb thermistor sensor mounted below the plant bench in the path 
of the air circulation system was wired to the wet-bulb recorder. 
Balance between the vaporizer and dehumidifier was sufficient to provide 
humidity control to within± 5 percent relative humidity. 
Shortwave radiation was provided by a bank of sixteen fluorescent 
lamps (F72Tl2-CW/VHO) and eight incandescent (A-19 inside frosted) 100 
watt bulbs. These provided a shortwave radiation load of 0.5 cal cm-2 
min-1 at leaf height (McDonough and Brown 1969). 
Timer clocks mounted on the exterior of the growth chamber cabinet 
controlled the cycling of all the environmental factors. The air 
temperature increased and the lights came on each morning at the same 
time, and decreased and were turned off, respectively, at the same time 
each night. All of the environmental factors were monitored frequently 
(at least twice a day) with calibrated instruments as checks against the 
growth chamber controls and recorders. Air temperature and relative 
humidity were measured with a fine wire thermocouple psychrometer 
(Brown and Caldwell 1971), and radiation was measured with a Star 
radiometer and a net radiometer probe (Dirmhirn 1964). Wind speed was 
recorded with a Hastings hot wire anemometer. 
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Under actual practice air temperatures varied~ l°C with a period 
of about 3 minutes during the day, and about± 0.5°C night. Relative 
humidity varied about± 5 pe r cent under most conditions , except under 
the 15/l0°C temperature regime, wherein the va riation was greater at 
night. Since the saturated vapor pressure at l0°C is only 9.2 mm Hg, it 
is impossible to achieve a vapor pressure deficit of 11.2 mm Hg. To 
reconcile this situation the wet bulb cam was cut to provide a relative 
humidity of 0 percent, or a vapor pressure deficit of 9.2 mm Hg. How-
ever, this exceeded the capacity of the dehumidifier unit, and coupled 
with the continuous evaporation of water from the plants, soil, and wet-
bulb sensor, the actual relative humidity was about 13 percent, or a 
vapor pressure deficit of 8.8 mm Hg. 
Wind speed and photoperiod were easily maintained throughout the 
study. Shortwave radiation varied from 0.47 to 0.5 cal cm-2 min-1, the 
lowest intensities being reached when lamp life began to diminish. A 
new bank of lamps was installed when the intensity fell below 0.47 cal 
cm-2 min-1). After installation the lights were allowed to burn contin-
uously for a week before being used in an experiment. 
Experimental Procedures 
The six pots of .each species (total of 12 plants) were transferred 
to the growth chamber about 72 hours prior to the time the first water 
relations measurements were to be taken. Two calibrated screen-cage 
thermocouple psychrometers (Brown 1970), to be used for measurements of 
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soil water potential, were installed in each pot to a depth of 12 em. 
The soil psychrometers were located about 7 em apart within the main 
root-mass of the potted plants. A copper-constantan thermocouple was 
inser ted into the soil with each psychrometer for measurement of soil 
temperature. The twelve plants were randomly located on the plant bench 
around the dry-bulb thermistor sensor, and were spaced far enough apart 
to allow free air circulation (about 15 em). The plant bench was 
situated 0.91 m below the light bank throughout the study. 
It appeared that the three-day equilibration time that the plants 
were placed in the growth chamber prior to the first measurements was 
sufficient for the processes of water absorption and transpiration to 
adjust to the environmental conditions in the chamber. Periodic 
representative determinations of transpiration resistance and leaf 
temperature showed a rather erratic behavior during the first 36 hours 
after transfer, but they appeared to follow a regular pattern after this. 
About 48 hours prior to the first water relations measurements the soil 
in the pots was watered to near saturation to insure high leaf turgor. 
A regular routine of data collection was established and followed 
throughout the study. For each set of environmental conditions listed 
in Table 1 (above), and for each replicate run also, the plants were 
initially at a high leaf water potential ?Ud soil water potential. The 
leaf and soil water potentials were then allowed to progressively 
decline in response to the environmental conditions in the growth cham-
ber until severe leaf wilting occurred. This usually required about 
four days, depending upon the severity of the environment. Each morning, 
one hour before the lights came on and the. temperature increased in the 
growth chamber, a number of measurements were taken of each plant to 
describe its water relations in response to that environment. These 
measurements include: 
1. Leaf water potential 
2. Leaf osmotic potential (actually osmotic + matric potential) 
3. Leaf pressure potential 
4. Soil water potential 
5. Leaf temperature 
6. Leaf transpiration resistance 
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At this time of the day the leaf water status will be as near that 
of the soil as possible (Slatyer 1957, 1967). At all other times during 
the day the gradient between leaf and soil water potential is expected 
to be greater due to increasing transpiration demand of the environment 
and an increasing water adsorption lag by the plant. Put in somewhat 
different terms, at no time during the day will the soil water potential 
have a greater influence on leaf water potential than just prior to 
sunrise (barring environmental disturbances such as precipitation). At 
this time of the day the water relations of the plant will be in their 
most favorable condition. 
In Table 3 the chronological order is listed in which the various 
sets of environmental conditions and consequent water relations studies 
were made. 
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Table 3. Chronological order in which the water relations of smooth 
brome and intermediate wheatgrass were studied for each set of 
environmental conditions 
Date En vi ronmen t Date Environment 
temp VPD temp VPD 
oc nun Hg oc nun Hg 
--- ---
9120 to 23171 25120 - 11.1 12120 to 23171 20115 - 8.8 
9127 to 30171 25120 - 8.8 114 to 7 I 72 15110 - 6.2 
1014 to 7 I 71 25.20 - 6.2 1117 to 20172 15110 - 8.8 
10111 to 14171 20115 - 11.1 1124 to 27172 15110 - 6.2 
10125 to 28171 15110 - 11.1 217 to 10172 20115 - 11.1 
1118 to 11171 15/10 - 8.8 2/14 to 17 I 72 20115 - 6.2 
11122 to 25171 15/10 - 11.1 2121 to 24172 25120 - 8.8 
1216 to 9171 25/20 - 11.1 2128 to 312172 20115 - 6.2 
12/13 to 16171 20/15 - 8.8 316 to 9172 20115 - 6.2 
Water potential measurements 
All water potential measurements, including leaf water and osmotic 
potentials, as well as soil water potential, were made with Peltier 
thermocouple psychrometers. 
Each morning one hour before "lights on," three of the youngest 
leaves were removed from each plant (18 leaves from both species), and 
sealed in vapor tight containers. A stainless steel tube, 20 em long 
and 0.63 em in diameter (inside volume of 3.6 cm3), sealed on one end 
and threaded on the other, was slipped over the leaf while it was still 
attached to the plant (Figure 3). When the entire leaf was inside the 
tube, to where it joined the culm, the leaf was severed and the tube 
immediately sealed with a vapor tight cap. 
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Soil water potential. As soon as the leaf samples were collected 
and sealed, but still before "lights on," the soil water potential and 
soil temperature in each pot were measured. A control unit to supply 
the Peltier cooling current and a Keithley microvoltmeter were used to 
read the output of each psychrometer (Brown 1970). Soil temperature was 
measured with the copper-constantan thermocouples and a Leeds and 
Northrup potentiometer. The soil psychrometers had previously been 
calibrated at various temperatures (Brown 1970, Wiebe et al. 1971). 
Leaf water potentials. The leaf samples were transferred from the 
sealed stainless steel tubes into sample changers similar to those 
described by Campbell et al. (1966). All of the leaf transfers were 
made in a high humidity chamber (Figure 4) to reduce evaporation from 
the leaves. Also, all operations within the humidity chamber were 
performed with surgeons gloves to reduce contamination. 
A total of nine brass sample changers were used in this study 
(Figures Sa, 5b). Each unit contained a single Peltier thermocouple 
psychrometer, mounted in a brass housing, which was suspended over 
one of the six sample chambers. By means of positive ind~xing any one 
of the six sample chambers could be rotated into position under the 
thermocouple psychrometer. Small Teflon cups with an internal volume 
of 0.78 cm2 were placed in each sample chamber and were used to house 
the leaf samples and various calibration solutions. These Teflon cups 
reduced the internal volume of the sample chambers by about one-half 
thus reducing the time required to reach internal vapor pressure 
Figure 3. The stainless steel tubes used to seal the leaf segments collected from each plant. 
Figure 4. The segments of leaf tissue were removed from the tubes in a 
humidity chamber to reduce evaporation. 
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Figure Sa. Sample changers consist of a brass housing containing a single thermocouple psychrometer , 
a six- chambered sample changer containing Teflon vials, a spring- loaded handle, and a water -
tight cap. 
Figure 5b. Sample changer fully assembled. 
equilibration. Also, they provided a clean surface that would not 
oxidize and that has low vapor adsorption characteristics. 
The leaf samples were removed from the stainless steel tubes, one 
at a time and in the order in which they were collected, with forceps. 
Working quickly and with utmost care, a l em diameter disc was cut 
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(Brown 1969) from the center of the leaf and placed in the bottom of a 
Teflon cup in the first sample chamber. Then a 6 em-long segment was 
cut from the terminal half of the leaf (between the leaf tip and center), 
rolled onto a small Teflon rod, placed in the same Teflon cup as the 
disc, and allowed to uncoil against the side walls of the sample chamber 
(Figure 6). This configuration exposed a maximum of leaf tissue surface 
to the thermocouple psychrometer and provided for rapid vapor pressure 
equilibration within the chamber. 
Four of the six sample chambers of each brass cylinder were loaded 
with leaf tissue as described above, the first three containing the leaf 
samples from one plant, and the fourth containing the first sample of 
the second plant. The remaining two sample chambers were similarly 
loaded with Whatman No. l filter paper discs and strips, which were 
then saturated with different NaCl calibration solutions of known 
molality (Lang 1967). These two solutions served as daily calibration 
checks of the thermocouple psychrometers. All of the leaf samples were 
loaded in a similar manner until all nine brass sample changers were 
filled. When complete, the sample changers contained four leaf samples 
and two different calibration solutions in each, or a total of 36 leaf 
samples, and 9 pairs of calibration solutions. Care was taken to cap 
each sample changer with a vapor tight seal as it was loaded in the 
humidity chamber. 
Figure 6. A 6 em-long segment of leaf tissue was rolled onto a Teflon rod, and then inserted into the 
sample chamber. Vl 
~ 
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The sample changers were then asseniDled and fitted with a water-
tight cap as shown in Figure 5b, above. All the units were then placed 
in a constant temperature water bath at 25°C (Figure 7). The water 
potential of all the leaf samples was determined at 25°C in this study. 
This is a convenient and easily controlled temperature under laboratory 
conditions, and provides a uniform condition for comparison of all data. 
The soil water potential data were also converted to 25°C from the 
calibration data for each thermocouple psychrometer. 
After the sample changers had been in the water bath for two hours 
the water potentials of the calibration solutions and leaf samples were 
measured. A Peltier cooling time of 15 sec. with a current of 5 ma was 
used in all cases (also for the soil psychrometers). The calibration 
solutions were measured in all nine sample changers first, and then each 
leaf sample was measured in turn. All values were recorded as micro-
volts of output. 
Heat of respiration by the leaf samples in each chamber was 
estimated to correct the water potential measurements back to 25°C 
(Barrs 1964). The null output of the thermocouple psychrometer over a 
calibration solution was compared with that over the leaf samples, but 
was found to never differ by more than 2 ~V. Considering that a 
chromel-constantan thermocouple has an output of about 60 ~v oc-1, 
this corresponds to a temperature increase of only about 0.033°C. This 
was considered to be an insignificant effect for these plants, and thus 
was not used to adjust the measured water potential. 
Leaf osmotic potential. As soon as the leaf water potential data 
were collected, the sample changers were removed from the water bath and 
their outer surfaces were wiped dry with absorbent tissue. The intact 
Figure 7. The nine sample changers were placed in a water bath at 25°C. 
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sample changers were frozen in dry ice for one hour in order to disrupt 
the cellular structure of the leaf tissue in preparation for measurement 
of leaf osmotic potential. The intact sample changers were frozen to 
avoid disturbing the environment within each sample chamber anymore than 
necessary. 
The sample changers were allowed to slowly warm to room temperature 
for an hour in an effort to achieve maximum cellular disruption during 
thawing (Sakai and Yoshida 1967, Levitt 1972). The main mass of the 
sample changers usually warmed to room temperature within 30 min., but 
the leaf samples in the Teflon cups warmed more slowly. The sample 
changers were then placed back in the water bath at 25°C for two hours 
of temperature and vapor pressure equilibration. The osmotic potentials 
of the calibration solutions and leaf samples were then measured. The 
osmotic potentials of the calibration solutions after freezing were 
always within 0.1 microvolt of the value before freezing, but those of 
the leaf samples were usually quite different. For fresh tissue at high 
water potential, the osmotic potentials after freezing were always 
lower, whereas flaccid tissue at low water potentials always had some-
what higher osmotic potentials. This indicated that the freezing 
process did indeed disrupt the cell structure of the leaf tissue. 
Data calculation. Calibration curve$ had been established for each 
thermocouple psychrometer prior to the beginning of the study, but were 
reestablished frequently during the course of the study as well. In 
addition, the two calibration solutions that were measured daily helped 
to make slight adjustments in these standard curves if it became neces-
sary. The rigorous daily cleaning routine of the sample changers, 
involving a thorough rinse in distilled water, may have caused slight 
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disturbances to the thermocouple positions relative to the leaf samples. 
Apparently this treatment resulted in slight calibration changes. 
Calibrations were performed with NaCl solutions of 0.1, 0.3, 0.5, 0.7, 
1.0, and 1.3 molality, corresponding to water potentials of 4.62, 13.68, 
22.81, 32.10, 46.40, and 61.19 bars, respectively, at 25°C (Lang 1967). 
The leaf water potential and osmotic potential data, together with 
the daily corrected calibration data for each thermocouple psychrometer 
were stored on paper tape. A program was written in BASIC computer 
language to calibrate the water potential and osmotic potential in bars 
from the calibration data. The paper tape was then fed into the ESSA 
XDS-940 computer at Boulder, Colorado, via a teletype time-sharing 
station in Logan, Utah. The same technique was used to calculate soil 
water potential from the calibration of the soil psychrometers. 
Leaf pressure potential. Leaf pressure potential (turgor pressure) 
was calculated as the difference between leaf water potential and 
osmotic potential (actually osmotic + matric potentials) according to 
the relationship: 
~ = ~ + ~ [4] 
7f p 
where ~ is leaf water potential, ~ is osmotic potential, and ~ is 
7f p 
pressure potential. 
Measurement of environmental influences 
The influence of environmental conditions and water potential on 
leaf temperature and transpiration resistance was measured for each 
plant after the leaf stomata had opened. Numerous colloidian impres-
sions of both upper and lower surfaces of the intact leaves, viewed 
under a microscope, showed that the stomata were fully opened within 60 
min. after "lights on" in the growth chamber. However, as leaf water 
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potential declined, and particularly as wilting was approached, the 
stomata remained closed throughout the day. Therefore, it was decided 
that the leaf temperature and transpiration resistance data that best 
characterized the influence of environment and water potential should be 
collected one hour after "lights on" in all cases. 
Leaf temperature measurement. A Barnes infrared thermometer 
(Model IT-JA) with an 11 degree view angle was used for all leaf 
temperature measurements. The instrument was held about 5 em above a 
mass of overlapping leaves and the temperature was recorded (Figure 8). 
Three such readings were made for each plant. Care was taken to avoid 
"background" readings that would influence the measurement. 
Transpiration resistance measurement. A diffusion porometer, 
similar to the one described by van Baval et al. (1965), was used to 
measure leaf resistance. The instrument consisted of a plexiglass leaf 
cup containing a humidity sensor (Aminco-Dunmore No. 4-4817) connected 
to a 10 microampere meter. Dry air was forced through the system from a 
chamber of silica gel to the leaf cup to lower the relative humidity in 
the cup below about 15 percent. The instrument was calibrated accord-
ing to the method of van Bavel et al. (1965) for a range of temperatures, 
including 10, 15, 20, 25, 30, and 40°C. 
A single grass leaf was not wide enough to cover the entire 2 em 
diameter opening of the leaf cup, so two or three leaves were clamped in 
place side-by-side (Figure 9). Only the mid-portions of the leaf 
blades, and the lower leaf surface of these amphistomatous species, 
were sampled. The_ air in the leaf cup was first dried until the meter 
indicated 0 ~a, then the two or three leaves were positioned over the 
cup, and clamped. Then, with a stopwatch, the time in sec was recorded 
Figure 8. The sensing head of the Barnes infrared radiometer used to measure leaf temperature. 
Figure 9. The leaf cup of th.e diffusion porometer used to measure leaf resistance. 
for the humidity sensor output to increase from 3 to 6 ~a. Three such 
readings were taken on representative leaves of each plant. 
The daily routine procedures followed a strict time dependent 
schedule, summarized below: 
0700 - Collect leaf samples and read soil psychrometers and soil 
temperature. 
0730 - Load sample changers with leaf samples and calibration 
solutions. 
0800 - "Lights on" and temperature increase in growth chamber 
(automatic). 
0815 - Sample changers placed in water bath. 
0900 - Measure leaf temperature and transpiration resistance. 
1015 - Measure water potential of leaf samples and calibration 
solutions. 
1200 - Intact sample changers placed in dry ice. 
1300 Sample changers removed from dry ice. 
1400 - Sample changers placed in water bath. 
1600 - Measure leaf osmotic potentials and calibration solution 
water potential. 
1700 - Clean sample changers and set up for next day. 
2200 - "Lights off" and temperature decrease in growth chamber 
(automatic). 
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Analysis of variance (Snedecor 1966) was used to test for differ-
ences between the replications of each experiment for each factor 
measured. Also, these methods were used to test for differences between 
species, and to test for differences between environments. In all, 
nearly 15,000 observations and calibrations were made during this 
study (17 observations for each plant per day X 6 plants X 2 species 
X 4 days X 9 environments X 2 replications). 
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RESULTS 
Plant Responses to Environmental Conditions 
For each species, leaf water, osmotic, pressure, and soil water 
potentials all declined with each successive day without irrigation, 
while leaf resistance and leaf surface temperature increased (Table 4, 
Figures lOa, lOb, lOc, and Appendix 1). Generally, leaf and soil water 
potentials declined more within the four days of each experiment at the 
higher air temperatures and vapor pressure deficits, while leaf resist-
ances and leaf surface temperatures increased as air temperature and 
vapor pressure deficit increased. Although these observations do not 
reveal any unique relationships, they do indicate that the plants 
generally responded to changes in the physical environment according to 
expectations. 
For the data in Appendix 1 (summarized in Table 4, and illustrated 
in Figures lOa, lOb, and lOc), an analysis of variance was used to test 
for differences between replications for each factor measured. For all 
of the factors for both species there were no significant differences 
at the 0.05 level between replications. 
Water potential responses 
Generally, smooth brome experienced lower leaf water potentials 
than did intermediate wheatgrass under the same environmental conditions. 
On the first day without irrigation (which followed about 3 days of 
equilibration time) smooth brome leaves usually had slightly lower 
water potentials than intermediate wheatgrass leaves. With each 
Table 4. Summary of the mean leaf water potential, leaf osmotic potential, leaf pressure potential, soil 
water potential, leaf resistance, and leaf temperature. Data are arranged by species, temper ature 
regUne, vapor pressure deficit regime, by day_of drought cycle (1,2,3,4), by replication (Reps.) 
and the mean of both replications (1, 2, and X). Standard deviations (Sd) are for both replications 
and· vapor pressure deficit (VPD) is in mm Hg. · 
Smooth Brame: 15/10 °C temperature regime 
Da s 
Variables Reps. 6.2 mm Hg VPD 8.8 rmn Hg VPD 11.4 nun Hg VPD 
_ 1 __ 2 __ 3 __ 4_ 
_1 __ 2 __ 3 __ 4 _ 
_1 __ 2 __ 3 __ 4_ 
Leaf water 1 
- 9.4 -14.7 -24.4 -41.5 
- 9.7 -19.1 -36.7 -57.8 
- 9.1 -21.6 -35.9 -52.9 potential 1 -10.3 -15.4 -30.5 -54.9 
- 9.2 -17.9 -34.6 -42.6 
- 8.3 -20.1 -32.8 -52.5 (Bars) X 
- 9.9 -15.1 -27.5 -48.2 
- 9.5 -18.5 -35.7 . -50.2 
- 8.7 -20.9 -34.4 -52.7 
sd 0.8 1.4 4.7 7.6 1.4 2.6 2.7 8.6 1.9 4.4 5.7 7.0 
Leaf osmotic 1 
-15.4 -18.3 -21.4 
-37.8 -15.2 -17.3 -34.8 -53.1 
-15.7 -19.8 -31.6 -49.8 potential 2 
-16.0 -18.9 -28.3 -50.2 
-15.7 -17.8 -29.2 -38.6 
-15.5 
-18.6 -29.7 -48.6 (Bars) x 
-15.7 -18.6 -24.9 -44.0 
-15.5 -17.5 -32.0 -45.9 
-15.6 -19.2 -30.7 -49.2 
sd 1.3 1.1 4.1 7.6 1.0 1.4 4.3 8.1 1.2 2.2 5.7 7.1 
Leaf pressure 1 6.0 3.6 - 3.0 - 3.7 5.5 - 1.8 - 1.9 - 4.7 6.7 - 1.8 - 4.3 - 3.1 potential 2 5.9 3.5 - 2.2 - 4.7 6.5 - 0.1 - 5.5 - 4.0 7.2 - 1. 5 - 3.1 
- 3.9 (Bars) x 5.9 3.5 2.6 4.2 6.0 0.9 3. 7 4.4 7.0 1.7 3.7 3.4 
sd 1.3 1.6 1.7 1.7 1.0 1.2 2.6 1.4 1.8 1.8 1.7 0.6 
Soil water 1 0.0 - 0.9 -12.8 -28.4 
- 0.5 -12.0 -30.0 -49.9 
- 0.6 -12.0 -24.3 -41.5 potential 2 
- 1.1 - 2.9 -23.4 -44.6 - 0.2 -11.5 -23.1 -34.1 
- 0.4 -12.3 -24.6 -40.6 (Bars) x 
- 0.5 - 1.9 -18.1 -36.5 
- 0.4 -11.7 -26.6 -42.0 - 0.5 -12.6 -24.4 -41.0 
sd 0.6 4.8 6.1 10.1 0.3 1.2 6.1 9.5 0.5 4.2 5.2 7.2 
Leaf 1 2.8 4.4 7.9 13.3 2.3 5.2 8.0 12.7 4.9 13.8 20.8 26.7 
resistante 2 2.9 4.1 12.0 17.2 3.5 5.9 10.9 17.8 3.7 12 . 9 20.9 28.3 (sec em- ) x 2.9 4.3 9.9 15.3 2.9 5.6 9.5 15.3 4.3 13.3 20.9 27.5 
sd 1.1 0.9 2.5 3.4 1.5 1.3 2.0 3.0 1.1 1.6 3.8 2.8 
Leaf 1 16.6 21.8 25.5 30.5 20.8 25.3 27.5 30.8 19.5 24.0 26.2 31.2 
temperature 2 16.0 17.2 25.7 28.3 19.8 24.8 27.7 30.2 20.0 23.5 27.7 32.0 (OC) x 16.3 19.5 25.6 29.4 20.3 25.1 27.6 30.5 19.7 23.7 26.9 31.6 
Sd 0.9 2.5 0.7 2.0 1.2 1.7 1.7 1.6 l.l 1.1 1.6 1.2 
"' Ln 
Table 4. Continued 
Intermediate Wheatgrass: 15/10 °C temperature regime 
Days 
Variables Reps. 6.2 nm Hg VPD 8.8 mm Hg VPD 
_1 __ 2 __ 3 __ 4_ 
_1 __ 2 __ 3 __ 4_ 
11.4 mm Hg VPD 
_1 __ 2 __ 3 __ 4_ 
Leaf water 1 
- 8.1 -11.1 -21.2 -31.5 
- 8.4- 9.7 
-24.8 -41.0 potential 2 
- 8.5 -12.3 -25.0 -35.9 
- 8.5 -12.5 
-29.1 -39.5 (Bars) x 
- 8.3 -11.7 -23.1 -33.7 
- 8.5 -11.1 
-26.9 · -40.3 
sd 0.8 3.5 6.8 9.0 0.6 2.2 6.5 5.8 
-
8.2 -13.9 -26.8 -49.6 
- 8.7 -16.7 -29.8 -45.2 
- 8.5 -15.3 -28.3 -47.4 
2.1 6.0 5.5 9.2 
Leaf osmotic 1 
-15.3 -16.5 
-19.5 -28.3 
-15.2 -14.7 -22.1 -37.1 potential 2 -15.6 -16.7 
-22.1 -33.6 
-16.2 
-16.4 -27.5 -37.3 (Bars) x 
-15.5 -16.6 
-20.8 -30.9 
-15.7 -15.6 -24.8 -37.2 
sd 0.6 1.6 5.4 9.0 1.0 1.1 4.6 5.1 
-15.0 -16.6 -23.6 -45.2 
-14.7 -18.6 -27.2 -41.7 
-14.9 -17.6 -25.4 -43.4 
0.9 4.1 5.8 8.7 
Leaf pressure 1 7.2 5.4 - 1. 7 - 3.2 6.8 5.0 - 2.7- 3.9 potential 2 7.1 4.4 - 2.9 - 2.3 7.7 3.9 - 1. 6 - 2.3 (Bars) x 7.1 4.9 - 2.3 - 2.8 7.3 4.5 - 2.2 - 3.1 
sd 0.7 1.9 1.4 1.1 1.1 2.3 1.4 1.4 
6 .8 2.7 
- 3.2 - 4.4 
5.9 1.9 
- 2.7- 3.6 
6.4 2.3 - 3.0 - 4.0 
1.5 2.2 1.1 0.9 
Soil water 1 o.o - 1.3 -12.3 -23.4 0.0 - 0.6 -14.7 -29.0 potential 2 0.0 - 3.6 -15.2 -27.9 0.0 - 6.2 -18.7 -32.3 (Bars) x o.o - 2.5 -13.8 -25.7 0.0 - 3.4 -16.7 -30.7 
Sd 0.0 2.6 6.3 7.9 0.0 3.7 5.2 6.1 
- O.l - 2.7 -14.7 -31.7 
-
0.5 
- 8.8 -19.6 -31.6 
- 0.3 - 5.8 -17.2 -31.6 
0.4 6.8 7.9 8.8 
Leaf 1 3.0 4.3 10.2 17.7 2.4 4.3 7. 6 16.7 
resistance 2 3.7 8.6 14.1 16.9 4.4 8.2 13.6 16.2 (sec cm-1) x 3.4 6.5 12.1 17.3 3.4 6.3 10.6 16.5 
sd 0.6 3.1 2.4 1.6 1.6 2.3 3.6 2.5 
4.4 ll. 9 18.9 23.1 
5. 1 12.9 19.4 24 . 9 
4.8 12.4 l9.2 24.0 
1.0 1.8 2.6 3.3 
Leaf 1 20.0 21.8 26.0 28.0 21.0 22.3 25.6 29.8 
temperature 2 20.5 23.3 25.7 27.8 20.0 23.7 26.7 30.1 (OC) x 20.3 22.6 25.9 27.9 20.5 23 .0 26.0 30.0 
sd 0.7 2.0 1.8 1.7 0.8 1.5 1.6 1.8 
19.2 24.7 28.2 33.5 
19.2 24.8 28.8 32.5 
19.2 24.8 28.5 33.0 
0.7 2.3 1.9 1.8 
0'\ 
0'\ 
Table 4. Continued 
Smooth Brome: 20/15 °C temperature regime 
Days 
Variables Reps. 6.2 mm Hg VPD 8.8 mm Hg VPD 11.4 mm Hg VPD 
_1 __ 2 __ 3___ 4_ _1 __ 2 __ 3 __ 4_ 
_1 __ 2 __ 3 __ 4_ 
Leaf water 1 - 8.1 -19.3 -28.5 -42.1 - 9.9 -18.6 -31.7 -43.4 -11.9 -21.4 -34.0 -45.9 
potential 2 
-
8.3 -17.5 -30.6 -48.3 -10.6 -20.4 -33.8 -45.9 -10.2 -22.7 -36.4 -58.9 
(Bars) x - 8.2 -18.4 -29.6 -45.2 -10.3 -19.5 -32.8 -44.7 -11.1 -22.1 -35.2 -52.4 
sd 0.9 2.7 3.2 3.8 1.4 2.9 3.7 3.0 1.4 6.2 8.1 10.4 
Leaf osmotic 1 -16.8 -18.9 -26.3 -37.9 -16.4 -17.5 -28.3 -36.6 -17.6 -20.5 -29.7 -42.0 
potential 2 -15.5 -17.9 -26.9 -42.8 -16.4 -17.9 -30.2 -42.1 -17.8 -20.1 -32.6 -55.4 
(Bars) X -16.2 -18.4 -26.6 -40.4 -16.4 -17.7 -29.3 -39.4 -17.7 -20.3 -31.2 -48.7 
sd 0.9 1.4 3.3 2.9 0.6 1.4 3.5 3.2 1.2 4.3 8.1 10.5 
Leaf pressure 1 8 . 7 - 0.4 - 2.2 - 4.2 6.5 - 1.1 - 3.4 - 6.8 5.7 - 0.9 - 4. 3 - 3.9 
potential 2 7.2 0.4 - 3.7- 5.5 5.8 - 2.5 - 3.6 - 3.8 7.6 - 2.6 - 3.8 - 3.5 
(Bars) x 7.9 0.0 - 2.9 - 4.9 6.2 - 1.8 - 3.5 - 5.3 6. 7 - 1.7 - 4.1 - 3.7 
~d 1.4 0.7 0.6 1.1 1.3 1.1 0.7 0.6 1.7 1.1 1.4 0.8 
Soil water 1 - 0.4 -12.5 -23.8 -36.9 - 1.8 -11.0 -22.7 -35.6 - 1.2 -12 .1 -23.5 -36.4 
potential 2 - 0.2 - 8.1 -23.5 -37.9 - 0 .6 -16. 1 -26.9 -40.9 - 0.9 -12.4 -24.2 -47.1 
(Bars) x 
-
0.3 -10.3 -23.6 -37.4 - 1.2 -13.6 -24.8 -38.3 - 1.1 -12.2 -23.9 -41.8 
sd 0.4 2.9 1.3 2.7 0.7 3.6 3.7 5.2 3.2 5.2 7.5 10.2 
Leaf 1 0.7 4.2 7.8 13.7 14.9 11.2 14.5 17.5 
resistance 2 0.4 5.8 7.5 13.8 9.3 17.1 29.7 46.9 7.2 13.5 17.8 27.6 
(sec cm-1) x 0.6 5.0 7.6 13.8 9.3 17.1 29.7 46.9 11.1 12.4 16.2 22.6 
sd 0.7 3.6 2.8 3.4 1.4 2.1 4.4 4.5 5.0 4.9 4.3 6.8 
Leaf 1 24.2 26.3 28.2 29.2 23.7 26.3 28.7 30.2 25.7 27.2 28.7 30.5 
temperature 2 24.0 27.8 29.8 30.2 25.0 26.5 29.1 30.8 25.2 27.0 30.0 32.5 
(OC) x 24.1 27.1 29.0 29.7 24.4 26.4 28.9 30.5 25.5 27.1 29.4 31.5 
sd 1.0 1.4 1.4 0.9 0.8 0.5 1.1 0.8 1.3 1.7 1.9 1.6 
0\ 
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Table 4. Continued 
Intermediate Wheatgrass: 20/15 °C temperature regime 
Days 
Variables Reps. 
6.2 um Hg VPD 8.8 mm. Hg VPD 11.4 mm Hg VPD 
_1 __ 2 __ 3 ___ 4_ 
_1 __ 2 __ 3 __ 4_ _1 __ 2 __ 3 __ 4_ 
Leaf water 1 -10.2 -11.4 -20.4 -32.2 
-
8.5 - 9.5 -20.4 -34.3 
-
9.4 -13.1 -24.4 -48.2 
potential 2 
-
9.1 -11.8 -20.4 -40.0 -11.8 -15.6 -27.2. -39.4 - 9.5 -14.6 -26.3 -46.1 
(Bars) x - 9.6 -11.6 -20.4 -36.1 -10.2 -12.6 -23.8 -36.9 - 9.5 -13.9 -25.4 -47.2 
sd 1.5 0.8 1.1 5.5 4.2 3.5 4.7 7.5 1.5 1.0 2.1 2.2 
Leaf osmotic 1 -17.7 -17.3 -19.6 -28.7 -15.0 -15.5 -18.4 -32.6 -17.2 -16.7 -21.7 -44.2 
potential 2 -17.7 -17.6 -19.5 -36.2 -15.0 -16.1 -23.9 -36.2 -17.4 -16.6 -23.0 -42.5 
(Bars) x -17.7 -17.5 -19.6 -32.5 -15.0 -15.8 -21.2 -34.4 -17.3 -16.7 -22.4 -43.4 
sd 0.7 0.4 0.6 5.4 1.1 1.1 2.1 6.8 0.9 0.4 1.4 1.8 
Leaf pressure 1 7.5 5.9 - 0.8 - 3.5 7.5 6.0 - 2.0 - 1.7 7.8 3.6 - 2.7- 4.0 
potential 2 8.6 5.8 
-
0.9 - 3.8 3.2 0.5 - 3.3 - 3.2 7.9 2.0 - 3.3 - 3.6 
(Bars) x 8.1 5.8 - 0.9 - 3.7 5.4 3.3 - 2.7- 2.5 7.9 2.8 - 3.0 - 3.8 
sd 1.6 0.9 0.5 0.9 2.4 2.4 1.5 1.1 1.4 1.2 0.7 0.5 
Soil water 1 - 0.9 - 1.7 - 8.4 -21.7 - 0.2 - 5.6 -15.5 -23.1 - 0.2 - 3.3 -12 . 7 -32.1 
potential 2 
-
1.0 - 1.6 - 9.1 -27.6 - 2.1 - 9.4 -17.9 -26.2 - 0.6 - 5.4 -16.8 -27.5 
(Bars) x 
- 1.0 - 1.7 - 8.7 -24.7 - l. 6 - 7.5 -16.7 -24.7 - 0.4 - 4.3 -14.7 -29.9 
sd 0.3 0.7 1.4 4.6 2.5 3.6 3.7 5.6 0.3 2. 4 2.9 1 . 2 
Leaf 1 0.3 1.3 3.4 5.3 5.8 6.5 11.3 16.4 
resistance 2 0.2 1.6 5.0 8.9 2.2 2.8 7.7 16 . 0 2.4 5.7 13.7 16.9 
(sec c:m-1) X 0.3 1.5 4.2 7. 1 2.2 2.8 7.7 16.0 4.1 6. 1 12.5 16.7 
sd 0.1 0.4 1.2 2.9 1.2 0.8 1.4 2.1 2.4 1.2 2.5 3. 2 
Leaf 1 24.8 24.7 26.5 29.8 26.7 28.2 31.0 31.8 23.2 26.2 27.8 31.0 
temperature 2 24.3 25.2 27.7 30.8 26.2 27.8 29.5 30.8 23.7 25.5 27.7 30.8 
(OC) x 24.5 24.9 27.1 30.3 26.5 28.0 30.3 31.3 23.5 25.9 27.8 30.9 
Sd 1.0 0.5 0.9 1.7 0.8 0.6 0.7 1.0 1.1 0.9 0.7 0.8 
0'\ 
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Table 4. Continued 
Smooth Brane: 25/20 °C temperature regUne 
Days 
Variables Reps. 6.2 mm Hg VPD 8.8 mm Hg VPD 11.4 mm Hg VPD 
_1 __ 2 __ 3 ___ 4_ 
_1 __ 2 __ 3 __ 4_ 
_1 __ 2 __ 3 __ 4_ 
Leaf water 1 - 9.6 -26.6 -51.0 -62.9 -12.9 -33.9 -51.6 -58.7 -12.0 -28.8 -50.2 -62.8 
potential 2 - 9.2 -13.4 -34.8 -62.7 -13.0 -22.5 -43.4. -63.2 -11.9 -26.5 -48.9 -64.1 (Bars) x - 9.4 -20.0 -42.9 -62.8 -12.9 -28.2 -47.5 -60.9 -11.9 -27.7 -49.6 -63.5 
sd 2.6 12.7 12.9 2.6 2.0 12.6 12.0 6.4 1.2 6.0 5 .4 4.1 
Leaf osmotic 1 -18.4 -24.8 -45.2 -53.8 -17.2 -28.7 -45.3 -54.2 -16.7 -24.9 -42.6 -61.1 
potential 2 -17.4 -18.1 -30.7 -59.1 -17.4 -20.0 -39.8 -59.2 -16.6 -25.0 -44.9 -60.9 
(Bars) X -17.9 -21.5 -37.9 -56.5 -17.3 -24.4 -42.6 -56.7 -16.6 -24.9 -43.7 -61.0 
sd 2.1 5.9 12.4 3.6 1.6 7.6 12.1 6.1 0.9 3.8 6.7 4.1 
Leaf pressure 1 8.8 - 1.8 - 5.8 - 9.1 4. 3 - 5.2 - 6.3 - 4.5 4. 7 - 3.9 - 7.6 - 1.7 
potential 2 8.2 4.7 - 4.1 - 3.6 4.4 - 2.5 - 3.6 - 4.0 4.7- 1.5 - 4.0 - 3.2 
(Bars) X 8.5 1.5 - 4.9 - 6.4 4.3 - 3.9 - 4.9 - 4.2 4.7- 2. 7 - 5.8 - 2.5 
sd 3.3 3.7 3.0 2.9 2.6 4.0 2.3 1.4 1.3 2.6 2.4 1.1 
Soil water 1 - 0.9 -18.8 -39.1 -48.3 
-
2.4 -23.6 -40.2 -50.0 - 5.5 -20.1 -38.8 -58.6 
potential 2 - 0.1 - 3.4 -25.3 -51.4 - 2.6 -13.5 -27.8 -51.2 - 4.0 -18.4 -32.3 -54.4 
(Bars) x - 0.5 -11.1 -32.2 -49.9 - 2.5 -18.6 -34.0 -50.6 - 4.7 -19.3 -35.6 -56.5 
sd 0.7 12.5 11.2 5.9 2.1 10.5 11.3 7.1 2. 2 6.8 11.8 5.7 
Leaf 1 2.1 4.9 15.3 17.6 1.8 5.9 19.4 21.7 4 . 4 6.6 12.7 22.8 
resistance 2 2.9 6.5 14.4 25.1 1.4 6.2 17.5 27.5 3 .0 6 . 3 14 .4 22.8 
(sec cm-1) x 2.5 5.7 14.9 21.4 1.6 6.1 18.5 24.5 3.7 6.5 13.6 22.8 
sd 1.1 2.3 5.2 4.0 0.5 1.6 3.6 3.6 2.1 1.9 3.6 3.8 
Leaf 1 30.5 32.8 35.7 36.5 31.8 32.7 34.7 36.3 30.3 34.0 35.3 35.5 
temperature 2 29.2 30.3 32.7 36.5 29.5 30.5 32.3 35.7 29.8 32.3 33.7 35.8 
(OC) x 29.9 31.8 34.2 36.5 30.7 31.6 33.5 36.0 30.1 33. 2 34.5 35.7 
sd 1.2 1.2 2.2 0.9 1.2 1.5 1.9 0.9 0.9 1.3 1.5 0.8 
"' \0 
Table 4. Continued 
Intermediate Wheatgrass: 25/20 °C temperature regLme 
Days 
Variables Reps. 6 • 2 mm Hg VPD 8.8 mm Hg VPD 11.4 mm Hg VPD 
_1 __ 2 __ 3 ___ 4_ 
_1 __ 2 __ 3 __ 4_ 
_1 __ 2 __ 3 __ 4_ 
Leaf water 1 
-10.0 -12.8 -26.7 -46.3 
-10.5 -23.8 -38.9 -56.8 
-10.4 -19.7 
-41.4 -64.5 potential 2 
- 7.1 -11.6 -24.6 -50.9 
- 9.7 -20.7 -32.9 -57.6 
- 9.9 -18.3 -35.5 -59.1 (Bars) X 
- 8.6 -12.2 -25.7 -47.3 
-10.1 -22.3 -35.6 -57.2 
-10.2 -19.0 -38.5 -61.8 
sd 2.0 3.4 8.6 8.7 0.9 6.0 7.4 5.9 1.1 5.8 12.9 6.5 
Leaf osmotic 1 
-16.0 -16.6 -24.0 -41.9 
-15.2 -21.0 -34.4 -54.0 
-16.5 -20.4 -36.7 -63.2 potential 2 
-15.0 -15.5 -20.8 -47.3 
-15.7 -19.3 -29.9 -53.3 
-16.2 -19.4 -32.0 -55.5 (Bars) X 
-15.5 -16.0 -22.4 -44.6 
-15.5 -20.2 -32.2 -53.6 -16.4 -19.9 -34.4 -59.4 
sd 1.2 2.0 6.1 8.3 1.1 2.9 7.1 6.4 1.6 4.0 12.1 7.3 
Leaf pres sure 1 6.0 3.8 - 2.7 - 4.4 4.7 - 2.8 - 4.5 - 2.8 6.1 0.7 - 4.7 - 1.3 potential 2 7.9 3.9 - 3.8 - 3.6 6.0 - 1.4 - 3.0 
- 4.3 6.3 1.1 - 3.5 - 3.6 (Bars) x 6.9 3.8 - 1.3 - 4.0 5.4 - 2.1- 3.7- 3.6 6.2 0.9 - 4 . 1 - 2.5 
sd 1.9 2.1 2.1 0.8 1.6 2.1 1.5 1.1 1.9 1.1 2.8 1.7 
Soil water 1 
- 0.8 - 2.6 -14.8 -32.4 
- 1.5 -14.6 -28.6 -49.1 
- 3.2 - 10.7 -24.5 -43.8 potential 2 
- 0.3 - 1.9 -14.8 -34.1 
- 0.7 -11.6 -20.8 -42.6 - 0.9 -10.9 -22.5 -44.6 (Bars) x 
- 0.5 - 2.3 -14.8 -33.3 
- 1. 1 -13 . 1 - 24 • 7 -45.9 - 2.1 -10.8 -23.5 -44.2 
sd 1.0 2.7 6.3 8.1 0.9 6.4 10.5 9.7 2.0 4.9 10.7 12.4 
Leaf 1 2.8 3.7 12.9 21.1 3.4 5.0 13.9 26.2 2.8 3.6 16.7 17.9 
resistance 2 2.4 5.9 12.1 19. 1 2.0 7.1 15.6 23.8 1.6 4.9 9.5 17.9 (sec an- 1) x 2 6 4.8 12.5 20 .1 2.7 6.0 14.8 25.0 2.2 4.3 15.2 17.9 
sd 1.2 1.9 2.7 3.6 1.2 1.4 1.9 4 . 0 1.1 1.7 6.5 6.6 
Leaf 1 30.2 31.8 34.0 36.2 31.8 34.0 36.3 37.7 30.3 31.0 33.3 36.0 
temperature 2 28.7 30.2 32.3 35.0 29.7 33.0 35.2 36.5 29.7 30.5 32.5 35.0 (oC) x 29.5 31.0 33.2 35.6 30.8 33.5 35.8 37.1 30.0 30.7 32.9 35.5 
sd 1.3 1.5 1.5 1.0 1.5 0.9 1.7 1.2 0.1 0.6 1.0 1.0 
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Figure lOa. Relationship between time in days and leaf water potential 
(~),leaf osmotic potential (~n), soil water potential (~s), 
leaf resistance (R) in sec cm-1, and leaf temperature (T) in 
°C; for smooth brome (SB) and intermediate wheatgrass (IW) 
under the 15/10 °C temperature regime and the 6.2, 8.8, and 
11.4 mm Hg vapor pressure deficit regimes. 
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Figure lOb. Relationship between time in days and leaf water potential 
(~), leaf osmotic potential (~TI), soil water potential (~s), 
leaf resistance (R) sec cm-1, and leaf temperature (T) in 
°C; for smooth brome (SB) and intermediate wheatgrass (IW) 
under the 20/15 °C temperature regimes and the 6.2, 8.8, and 
11.4 mm Hg vapor pressure deficit regimes. 
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Figure lOc. Relationship between time in days and leaf water potential 
(~),leaf osmotic potential (~TI), soil water potential (~s), 
leaf resistance (R) sec cm-1, and leaf temperature (T) in 
°C; for smooth brome (SB) and intermediate wheatgrass (IW) 
under the 25/20 °C temperature regime and the 6.2, 8.8, and 
11.4 mm Hg vapor pressure deficit regimes. 
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successive day under a given set of conditions, the plants of both 
species showed a decline in leaf water potential (Figures lOa, lOb, and 
lOc), and by the fourth day plants of both species were usually 
severely wilted. 
Leaf water potentials generally declined more rapidly, and 
reached lower values, under the warmer and drier environments than under 
the cooler more humid ones (Figures lOa, lOb, lOc). During the first 
2 days without irrigation the rate of leaf water potential decline was 
greater for smooth brome, but after the second or third day both species 
decreased at about the same rate. However, the early rapid decline by 
smooth brome resulted in somewhat lower leaf water potentials by the 
fourth day than for intermediate wheatgrass. It is interesting to note 
that both species under all sets of environmental conditions had very 
similar leaf water potentials when the soil water potential was still 
high. Under each set of air temperature conditions the leaf water 
potential rates of decline were usually greater as the vapor pressure 
deficit increased from 6.2 to 11.4 mm Hg. Also, as expected, lower 
leaf water potentials were usually observed at greater vapor pressure 
deficits. However, the rates of decline for both species were quite 
similar under the 15/10 and 20/15 temperature regimes, but were much 
steeper under the warmer 25/20 temperatur~ regime. 
Leaf osmotic potential also declined, but at a slower rate than did 
leaf water potential in the early phases of drought (Figures lOa, lOb, 
and 1'0 c). The rate of decline in osmotic potential was less in inter-
mediate wheatgrass than in smooth brome during the first two days of 
drought, becoming similar by the fourth day. As the plants progressive-
ly became drier, smooth brome reached lower osmotic potentials than 
intermediate wheatgrass, even though both species had similar osmotic 
potentials on the first day prior to the beginning of water stress. 
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In well watered plants the osmotic potential was · always lower than 
the leaf water potential. However, as drought progressed, the differ-
ences between the leaf water and osmotic potentials narrowed until, at 
some point usually between the first and third day, the two quantities 
reached equality. As the degree of water stress increased the relative 
positions of the two quantities reversed, and leaf water potential 
declined below the osmotic potential. Of paramount interest in this 
study are the differences Qetween these two quantities, namely pressure 
potentials. 
The pressure potential was always positive when the plant tissues 
were turgid in the early stages of each experiment (Table 4, and 
Figures lOa, lOb, and lOc). However, the pressure potential declined 
under continued water stress until it reached zero, and then became 
negative. The leaf water potential at which zero pressure potential 
occurs is termed the "physiological wilting point," and will be dis-
cussed in greater detail below. 
The soil water potential remained higher than the leaf water 
(Figure ll) or the osmotic potentials throughout the course of the 
d!ying cycle. Under the cooler more humid environmental conditions the 
soil water potential was usually above -1 bar after one day, but was 
sometimes lower under the warmer and drier conditions. The daily 
decline in soil water potential follow·ed a similar course to that of the 
leaves, but typically remained several bars higher (Figure 11). 
Generally, the lowest soil water potentials were achieved under the 
warmer drier conditions, particularly for smooth brome. The soil water 
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Figure 11. The relationship between soil water potential and leaf 
water potential for smooth brome (SB) and intermediate 
wheatgrass (IW) for the nine environmental conditions. 
Each curve is for a vapor pressure deficit of 6.2, 8.8, 
and 11.4 mrn Hg. 
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potentials for intermediate wheatgrass was always higher during the 
latter phases of each experiment than it was for smooth brome (Figures 
!Oa r lOb, lOc, and 11). The relationship between soil and leaf water 
potential nearly linear in all cases, with soil water potential always 
remaining about -10 bars higher than leaf water potential throughout 
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the entire range measured. Aside from the fact that lower water 
potentials were achieved under the warmer environments, there is little 
consistent difference in the relationship among environments and between 
species. 
Leaf resistance responses 
Leaf resistance (sec cm-1) generally increased for both species as 
water potentials decreased (Figures lOa, lOb, lOc, 12, and Table 4). 
Although the trends in all the data are quite similar, some of the 
transpiration resistance values are somewhat variable. For example, 
resistance measurements for intermediate wheatgrass under the 20/15 
environment yielded unusually low values for both replications for the 
6.2 VPD condition (Figure lOb). However, measurements of smooth brome 
under the 20/15 - 8.8 environment resulted in unusually high values 
(Figure lOb). The diffusion porometer was damaged during the first 
replicate run of the 20/15 - 8.8 environment, hence data were not 
collected for either species (Table 4). 
Of particular interest is the lack of any definitive trend in the 
transpiration resistance data which distinguishes the various environ-
mental conditions studied. The data illustrated in Figure 12 show the 
scatter of leaf resistance vs. leaf water potential for both species 
over the entire range of environmental conditions studied. An analysis 
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Figure 12. The relationship between leaf resistance and leaf water 
potential for smooth brome and intermediate wheatgrass. 
The data from all environmental conditions were pooled. 
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of variance (Snedecor 1966) showed no significant difference in the 
leaf resistance res pons es to leaf wa ter poten t i al between t he two 
species (F = 2.47 ) . 
Leaf temperature resp ons es 
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Leaf surface t emperature i ncreased each success ive day for both 
spe cies a s leaf wate r potential decreased (Figures lOa , l Ob , l Oc, and 
Tab le 4) . There were no signifi cant di f ferences for either s pe cies 
between VPD regimes, but there were very obvious diffe r ences for each 
tempera ture regime (Figures l3a and 13b). Both species ma intained the 
l owest leaf temperatures under the cooler l5/l0°C temperature regime, 
and the highest leaf temperatures under the warmer 25/20° regi me. How-
ever, if the graphs in Figures l3a and 13b compared, it will be noticed 
that under each temperature regime, smooth brome maintained somewhat 
lower leaf temperatures than intermediate wheatgrass. At high leaf 
water potentials the leaf temperatures of both species were similar, 
but as the plants progressively became drier, intermediate wheatgrass 
leaf temperatures increased more steeply than smooth brome. 
The differences between leaf and air temperatures progressively 
increased as leaf water potential declined ~n both species (Figures 13a 
and 13b). At high leaf water potentials (greater than -10 bars) leaf 
temperatures were only about 2-5°C higher than air temperatures. When 
the leaves were severely stressed, however, the differences between leaf 
and air temperatures were much greater. Generally, these differences 
were greater under the 15/l0°C temperature regime (about 15°C) than 
under the warmer temperatures (differences of about 10-l2°C). 
For both species the differences in leaf temperature among the 
three temperature regimes are highly significant. An analysis of 
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The relationship between leaf surface temperature and leaf water potential 
for smooth brome under the 15/10, 20/15, and 25/20 °C temperature regimes. 00 0 
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variance (Snedecor 1966) showed a highly significant F for both smooth 
brome (18.93**) and intermediate wheatgrass (18.32**), but there is no 
significant differences between species (F = 0.05) among the three 
temperature regimes. 
Wilting Phenomena 
As described above, the "physiological wilting point" (or calcu-
lated wilting point) is reached when the leaf pressure potential 
declines to zero bar, or in other words, when the leaf water and osmotic 
potentials are equal. Vis~ble symptoms of wilting, however, were 
observed later, after the growth chamber lights came on and the air 
temperature increased. 
Time required to reach wilting 
The pressure potentials in Appendix l were plotted against days for 
each individual plant to determine the amount of time in days required 
to reach wilting (e.g., 108 graphs were prepared for each species). 
Examples of these kinds of graphs are illustrated in Figure 14, and a 
summary of the data is shown in Table 5. 
The graphs in Figure 14 represent the data from six representative 
plants over a range of environmental conditions, and show the typical 
response of leaf pressure potential to increasing water stress. These 
graphs (together with the data in Appendix l) show that leaf pressure 
potential declined as water stress progressively increased from day-to-
day. Where pressure potential reaches 0 bar, the "physiological wilting 
point" occurs. With increasing water stress, however, the pressure 
potential continues to decline below zero, and becomes progressively 
more negative. Eventually this rate of decline reached a minimum, and 
Days 
0 
12 
2 3 4 5 0 2 3 4 5 
8 SB 15/10-11.4-1-5 IW i5;10 -11.4-2-6 
4 
0 
-4 
- 8 
M 
.. 
a 12 
m 
- 8 
.!! 
.... 
sa 20/15-11.4-1-2 "\w 20115-11.4-2- 2 
c 
• 4 .... 
0 
A. 
0 
., 
.. 
:I 
-4 M 
M 
• .. 
-8 A. 
12 
SB 25;20-11.4 - 1-4 IW 25;20- 11.4 - 1-6 
0 
- 4 
- 8 
Figure 14. The relationship between days and leaf pressure potential 
for smooth brome (SB) and intermediate wheatgrass (IW). 
Numbers after species abbreviations refer to temperature 
regime, vapor pressure deficit regime, replication, and 
plant number, respectively. These six graphs are examples 
of the relationship derived for each plant from the data 
in Appendix 1. 
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Table 5. Summary of number of days required to reach the physiological wilting 
point and protoplast collapse for smooth brome and intermediate 
wheatgrass. Also shown is the pressure potential at collapse (bars). 
Smooth Brame Intermediate Wheatgrass 
Press. Pot. Press. Pot. 
Environment Wilting Collapse Collapse Wilting; Collapse Collapse (days) (days) (bars) (days) (days) (bars) 
15/10 - 6.2 2.1 3.4 -5.9 2.2 3.3 
-4.6 
15/10 - 8.8 1.9 3.3 
-5.7 2.7 3.5 
-6.0 
15/10 - 11.4 1.7 3.0 
-5.3 2.4 3.6 
-5.6 
Mean 1.9 3.2 
-5.6 2.4 3.5 
-5.4 
20/15 - 6.2 1.9 3.2 
-5.3 2.8 3.7 -5.0 
20/15 - 8.8 1.8 3.1 
-5.3 2.5 3.7 -4.4 
20/15 - 11.4 1.8 3.1 
-5.0 2.5 3.6 
-5.3 
Mean 1.8 3.1 -5.2 2.6 3.6 
-4.9 
25/20 - 6.2 2.2 3.5 -8.8 2.7 3.8 -6.1 
25/20 - 8.8 1.6 3.1 
-6.7 1.8 3.2 -5.8 
25/20 - 11.4 1.7 2.7 -7.1 2.2 3.4 -5.1 
Mean 1.9 3.0 
-7.5 2.2 3.4 
-5.7 
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then pressure potential increased toward zero. This minimum in the 
pressure potential usually occurred between the third and fourth day, 
although it sometimes occurred before the third day (Table 5, Appendix 
Appendix 1). It is proposed that the minimum in pressure potential is a 
significant threshold representing "protoplast collapse," and wi ll be 
explained in greater detail in the DISCUSSION section. 
Intermediate wheatgrass required a longer period of time to reach 
"physiological wilting" than smooth brome under each environmental 
regime (Table 5). The same is generally true for "protoplast collapse." 
An analysis of variance (Snedecor 1966) was used to test the sig-
nificance of differences between species as well as differences between 
environments within species for both wilting and collapse, and is 
summarized in Table 6. The analysis shows that species differences are 
highly significant for days to reach both wilting and collapse. How-
ever, since the interactions of species X environment are significant 
for both wilting and collapse, differences among environments (signifi-
cant at wilting) vary over species responses in a way that the analysis 
of variance is not capable of illustrating. Therefore, a t-test for a 
randomized complete-block design was used to isolate species and 
environment differences at the 0.05 level (Steel and Terrie 1960). The 
results of these tests show the following: 
1. Differences between species: 
A. Days to reach wilting--smooth brome and intermediate wheat-
grass were significantly different under the following 
environments: 
15/10- 8.8 
20/15 - 6.2 
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Table 6. Summary of analysis of variance test for significance of 
difference between species and environments for days to reach 
wilting and collapse. 
Days to Reach Wilting 
Degrees of Sum of 
Source of variation freedom squares l1ean squares F 
Environments 8 9.94 1.24 4.77* 
Error A 9 2. 30 0.26 
Species 1 15.16 15.16 101.07** 
Species X Environ. 8 3. 79 0.47 3. 10** 
Error B 189 28.89 0.15 
Total 215 60.08 
Days to Reach Collapse 
Environments 8 0.25 0.03 0.02 
Error A 9 16.20 1. 80 
Species 1 11.81 11.81 35.68** 
Species X Environ. 8 8.46 1.06 3.19** 
Error B 189 62.57 0.33 
Total 215 99.29 
* Significant at the 0.05 level. 
** Significant at the 0.01 level. 
B. Days to reach collapse--significant differences occurred 
between species under the following environments: 
20/15 - 8.8 
25/20 - 11.4 
2. Differences among environments for each species: 
A. Smooth brome 
1) Days to reach wilting--not significant 
2) Days to reach collapse--not significant 
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B. Intermediate wheatgrass 
l) Days to reach wilting--significant differences occurred 
only between the environments of 20/15-6.2 and 
25/20-8.8. 
2) Days to reach collapse--not significant. 
Leaf water potentials 
at wilting and collapse 
The physiological points of wilting and of collapse can be 
expressed in terms of bars of water stress when the pressure potential 
is plotted against leaf water potential. This is a far more meaningful 
relationship than expressions in terms of days or other units because 
leaf water potential is directly related to the internal water stress of 
the plant. In Figure 15 the relationships between pressure potential 
and leaf water potential are illustrated for six representative plants, 
taken from Appendix l. When the leaf water potential is high the 
pressure potential is also high. As leaf water potential becomes more 
negative, the positive pressure potential declines progressively below 
zero bar until a minimum is reached, and then begins to increase· toward 
zero. The "physiological wilting point" is represented at the leaf 
water potential where the curves across the zero bar level, and the 
"protoplast collapse" point where the curve reaches a minimum. 
Curves such as those shown in Figure 15 were prepared for each of 
the 216 plants in this study from the data in Appendix 1. The wilting 
and collapse points for each plant were taken from these graphs, and 
the data are shown in Appendix 2 and are summarized for each environ-
ment and species in Table 7. Also shown are the wilting and collapse 
points expressed in terms of soil water potential. 
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Figure 15. The relationship between leaf water potential and pressure 
potential for smooth brome (SB) and intermediate wheatgrass 
(IW). Numbers after species abbreviations refer to temp-
erature regime, vapor pressure deficit regime, replication, 
and plant number, respectively. 
Table 7. The physiological points of wilting and collapse for smooth brome and intermediate wheatgrass expressed as bars of leaf water potential (leaf) and soil water potential (soil). 
Smooth Brame Intermediate Wheatgrass 
Envirornnent wilting collapse wilting collapse 
leaf soil leaf soil leaf soil leaf soil 
15/10 
- 6.2 
-20.2 
-10.2 
-39.4 
-28.0 
-17.3 
- 6.6 -31.2 
-23.3 15/10 
-
8.8 
-17.9 
-
9.1 
-36.0 
-27.5 
-18.4 
- 9.4 
-38.5 
-28.0 15/10 - 11.4 
-17.1 
-
7.5 
-35.1 
-24.8 
-17.8 
- 7.5 -37.4 
-24.5 Mean 
-18.4 
-
8.9 
-36.8 
-26.8 
-17.8 
- 7.8 
-35.7 
-25.3 
20/15 
- 6.2 -18~1 
- 9.5 -37.4 
-30.0 
-18.6 
- 6.6 
-35.6 
-25.0 20/15 
- 8.8 -16.4 
- 7.8 
-34.8 
-27.2 
-16.0 
- 8.7 -33.3 
-24.5 20/15 
- 11.4 -17.5 
- 7.9 
-38.1 
-26.9 
-17.8 
- 6.1 
-37.5 
-23.0 Mean 
-17.3 
- 8.4 -36.8 
-28.0 
-17.5 
- 7.1 -35.5 
-24.2 
25/20 
- 6.2 -17.9 
- 6.2 -37.9 
-28.0 
-16.9 - 6.5 
-36.0 
-23.0 25/20 
- 8.8 
-17.0 
- 6.7 
-35.7 
-24.5 
-17.4 
- 7.2 -35.6 
-25.5 25/20 
- 11.4 -17.3 
-11.2 
-35.7 
-26.0 
-17.2 
-10.7 
-36.6 
-24.0 Mean 
-17.4 
- 8.0 
-36.4 
-26.2 
-17.2 
- 8.1 -36.1 
-24.2 
Mean, all 
-17.7 
- 8.5 -36.7 
-27.0 
-17.5 
- 7.7 
-35.8 
-24.6 envirornnents 
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An analysis of variance (Snedecor 1966) was used to test for sig-
nificance of differences between species and among environments for 
wilting and collapse expressed in terms of leaf water potential. The 
resul ts of these analyses are shown in Table 8. 
Table 8. Summary of analysis of variance test for significance of 
difference between species and among environments for leaf 
water potential at wilting and collapse. 
Leaf Water Potential at Wilting 
Degrees of Sums of Mean 
Source of variation freedom sguares sguare F 
Environments 
Error A 
Species 
Species X Environ. 
Error -B 
Total 
8 
9 
1 
8 
189 
215 
106.18 
64.39 
2.26 
64.05 
448.08 
684.96 
Leaf Water Potential at Collapse 
Environments 
Error A 
Species 
Species X Environ. 
Error B 
Total 
8 
9 
1 
8 
189 
215 
* Significant at the 0.05 level. 
239.17 
241.47 
44.01 
490.20 
2387.02 
3401.87 
13.27 
7.15 
2.26 
8.01 
2.37 
29.89 
26.83 
44.01 
61.28 
12.63 
1.86 
0.95 
3.38* 
1.11 
3.48 
4.85* 
Since significance is indicated for the interaction of species X 
environment for both wilting and collapse, a t-test for a randondzed 
comple.te-'block design was used to isolate species and environment 
differences at the 0.05 level (Steel and Torrie 1960). The results of 
these analyses can be summarized as: 
1. Differences between species: 
A. Water potential at wilting--smooth brome and intermediate 
wheatgrass were significantly different under the follow-
ing environments: 
15/10 - 6.2 
25/20 - 6.2 
B. Water potential at collapse 
15/10 - 6.2 
2. Differences among environments for each species: 
A. Smooth brome 
B. 
1) Water potential at wilting--not 
2) Water potential at collapse--not 
Intermediate wheatgrass 
1) 
2) 
Water potential at wilting--not 
Water potential at collapse 
15/10 - 6.2 vs. 15/10 - 8.8 
15/10 - 6.2 vs. 15/10 - 11.4 
15/10 - 6.2 vs. 20/15 - 11.4 
15/10 - 6.2 vs. 25/20 - 6.2 
15/10 - 6.2 vs. 25/20 - 11.4 
15/10 - 8.8 vs. 20/15 - 8.8 
significant 
significant 
significant 
The pressure potential vs. leaf water potential data for all 
environments were pooled for each species and plotted similarly to the 
graphs in Figure 15 in order to display the total dispersion of this 
relationship. The results for amooth. brome are illustrated in Figures 
16a and 16b for leaf and soil water potential, respectively. The 
corresponding results for intermediate wheatgrass are illustrated in 
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Figure 16a. The relationship between pressure potential and leaf 
water potential for smooth brome; pooled data from 
all environmental conditions. 
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Figure 16b. The relationship between pressure potential and soil 
water potential for smooth brome; pooled data from 
all environmental conditions. 
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Figures 17a and 17b, respectively. The curves were drawn by means of 
least squares, and an equation was derived to describe each relation-
ship. The equation for smooth brome expressing the relationship between 
pressure potential and leaf water potential is, 
Y = -4.8 + 0.0001847 x3 · 1 + 3.004 X l0- 29 X 18 -6.448 X 
10-32 X 17 
and for pressure potential vs. soil water potential, 
Y = -4.85 + 8.6555 X 10-4 X 2 · 65 -2.043 X 10-18 X lO 
The corresponding equations for intermediate wheatgrass are, for leaf 
water potential, 
Y = -4.65 + 1.1043 X 10-3 X 2 · 5 + 1.5277 X l0-23 X 14 · 5 
X 2 
- 60- 1 
+ 0.33e 0.13 
and for soil water potential, 
Y = -4.65 + 0.009765 X 1 "8 + 4.4617 X 10-9 X 5 · 8 
- 0.47e 
~- 1 2 
65 
0.2 
A 
[ 5] 
[6] 
[ 7] 
[8] 
By solving each equation for the appropriate Y, the following data 
were collected for the average wilting and collapse points for each 
species (in bars): 
Smooth bro.me Intermediate wheatgrass 
leaf ljJ (bars) (bars) 
wilting 
-18.4 -18.3 
collapse 
-45.0 -46.5 
soil ljJ 
wilting -10.5 
-10.0 
collapse 
-37.0 -37.0 
INTERMEDIATE WHEATGRASS 
4 
~ 
.. 
0 
2 m 
Leaf Wafer Potential, Bars -~ 
-c 
Gl 
-70. -60 -50 -40 -
-10 0 A. -30 
Gl 
.. 
:I 
~ 
~ 
Gl 
.. 
A. 
Figure 17a. The relationship between pressure potential and leaf 
water potential for intermediate wheatgrass; pooled 
data from all environmental conditions. 
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Figure 17b. The relationship between pressure potential and soil 
water potential for intermediate wheatgrass; pooled 
data fram all environmental conditions . 
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The differences in the mean "wilting" and "collapse" water poten-
tials shown in Table 7 and those shown above reflect the different 
techniques used to collect the data. The means for all environments in 
Table 7 are means of 108 observations for each species taken from 
individual graphs, whereas the data listed above were taken from a 
complete graph of all the data. The individual graphs from which the 
data were taken and summarized in Table 7 were prepared by connecting 
all the data points with a smooth curve (Figure 15). However, the 
graphs in Figures l6a, l6b, 17a, and l7b were prepared by balancing the 
curves through all of the pooled data for each species. 
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DISCUSSION 
Differences between species and environments in tenns of "physio-
logical wilting" and other responses were not as great as expected. 
Although it was not an objective of this study to determine the 
differences in water relations responses between smooth brome and 
intennediate wheatgrass, it was hoped that they could be demonstrated if 
they do in fact exist. However, one of the objectives of this study was 
to demonstrate the effects of atmospheric environment on leaf water 
status in these species. The fact that greater differences in water 
relations responses were not observed among the environmental conditions 
studied is a significant result, and will be discussed in greater detail 
below. 
Aside from the fact that the basic objectives of this study were 
satisfied to one degree or another, it is felt that the results related 
to wilting phenomena are also important. Consistent observations of 
negative pressure potentials under stress conditions in grasses is in 
itself significant. However, of even greater significance are the 
observations that negative pressure potentials reach a minimum level, 
and then begin to increase, apparently toward zero bar again. The 
implications of this phenomenon are rather exciting, and they indicate 
hopeful new avenues of research that may help provide a better insight 
into the water relations of plants under severe stress conditions. 
An explanation of terminology is justified at this point. The use 
of the term "physiological wilting" for zero pressure potential may be 
somewhat misleading since the term "wilting" usually implies a physical 
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deformity due to a lack of sufficient water to maintain turgidity and 
erectness. Visible wilting did occur in the plants studied here, but it 
became more evident after the zero pressure potential had been reached 
than before. However, since visible wilting is not a universal occur-
rence in plants (Slatyer 1967, Kramer 1969), and since it is of 
interest to relate the internal water status of plants to their physio-
logy, the term "physiological wilting" is proposed in place of the more 
cumbersome zero pressure potential. 
The term "protoplast collapse" is an adaptation from Noy-Meir and 
Ginzburg (1969) who first observed the minimum pressure potential 
phenomenon. They used the term collapse to imply a probably penetration 
of air between the cell wall and protoplast as the cell shrinks under 
severe stress. Although they observed this relationship in terms of 
tissue water content rather than water potential, their terminology 
seems appropriate and descriptive here. 
Comments on Techniques and Design 
There is ample evidence that the responses of plants to environ-
mental stress are at least partially influenced by the history of con-
ditions under which the plants were grown (Levitt 1972). This suggests 
that some of the differences observed in this study perhaps may be due 
in part to the time of the year under which the plants were grown (see 
Table 3). Conditions in the glasshouse varied somewhat from late 
summer to late winter, the period in which the plants were grown. For 
instance, light intensity, light quality, and day length (even though 
artificial lights were used to extend tfie winter day length to 14 hours) 
all varied with the season of the year. Also, artificial heating during 
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the winter affected night temperature minimums, and diurnal relative 
humidities were higher in the winter because of less ventilation. These 
conditions would normally lead to lower water requirements during the 
winter for potted plants than during the summer. 
It is to be expected that perhaps these variations in conditions 
affected the physiological responses of the plants used in this study. 
The number of days between replications of each environment are compared 
with the maximum differences in some of the physiological responses 
between the replications in Table 9. The physiological responses 
included are: maximum leaf water potential differences; maximum leaf 
water potential differences at wilting; and maximum leaf water potential 
differences at collapse for both species. The data are listed in order 
from the least number of days between replications to the most number of 
days. It would be expected that the greatest differences in water 
relations responses would occur between those replications that were 
grown in different seasons of the year. However, there were no strong 
and consistent relationships relating the amount of intervening time 
between replications and the differences in water relations responses 
between them. Therefore, it is felt that the data observed in this 
study were only minimally affected by the season of the year during 
which the plants were grown. 
An additional aspect of study design that may have influenced some 
of the observations made include morphological differences between 
smooth brome and intermediate wheatgrass. Smooth brome normally grew 
much taller than intermediate wheatgrass, producing most of its leaf 
area from elongated culES. Intermediate wheatgrass was more compact, 
and its leaves were more basal in habit. The few observations made of 
Table 9. The number of days between which the plants of both replications of each environment were 
studied, and the maximtml difference between each replication in terms of leaf water 
potential (ljJ), leaf water potential at wilting, and leaf water potential at collapse, 
for both species. 
Maximtm1 leaf ljJ Maximtm1 leaf ljJ Maximum leaf ljJ 
difference, bars diff. wilting, bars diff. collapse, bars 
Environment Days between smooth in term. smooth in term. smooth in term. 
replications brorne wheat. brorne wheat. brorne wheat. 
20/15 - 8.8 7 9.6 24.3 2.9 2.2 8.5 8.5 
15/10 - 6.2 20 39.2 23.9 9.6 4.3 18.5 14.5 
20/15 - 6.2 21 10.9 17.3 3.1 1.9 14.5 12.5 
15/10 - 11.4 28 17.9 24.6 4.6 4.0 13.0 14.5 
15/10 - 8.8 70 17.4 20.3 13.5 5.9 8.5 10.0 
25/20 - 11.4 77 7.2 14.8 5.1 3.8 9.0 9.5 
20/15 - 11.4 119 26.7 8.6 6.2 1.8 10.5 6.5 
25/20 - 6.2 147 17.2 25.1 4.5 4.3 9.5 6.0 
25/20 - 8.8 147 20.5 16.0 2.8 1.8 16.5 7.0 
1--' 
0 
1--' 
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total leaf area of both species did not suggest that gross differences 
would exist. In fact, both species had leaf areas ranging from 985 
2 to 1208 em when studied, and both species have nearly equal stomate 
densities on both leaf surfaces. 
Only a few qualitative observations were made of the rooting habits 
of these two species in pots used. When ready for study, the roots of 
both species had penetrated to the bottom of the pots and were rather 
uniformly distributed, except in the very upper layer of soil (e.g., 
the most abundant root distribution was in the lower 2/3 of the soil 
mass). There were no obvious differences in root density between the 
two species. 
Since there were morphological differences in shoot development 
between the two species, it is possible that these would influence their 
water relations. It is suspected that the time required to reach wilting 
and protoplast collapse was most likely affected by these morphological 
differences. Shoot height and leaf exposure to wind could easily 
influence the rate of transpiration, and thereby affect the number of 
days required to reach wilting and collapse (Table 6). Since no signif-
icant differences between species were observed in the water potentials 
(Table 8) at which wilting and collapse occurred, it is likely that 
anatomical characteristics such as cell size and wall elasticity were 
similar. If morphology and anatomy were not implicated, it would be 
expected that intermediate wheatgrass, which took longer to reach wilting 
and collapse, would wilt and reach collapse at lower water potentials. 
Obviously, this was not the case (Appendix 2, Table 7, Figures 16 and 
17), wherein very few differences between the species were observed. 
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It seems logical to conclude that the taller growth habit of smooth 
brome exposed a greater proportion of the leaf area to the atmospheric 
evaporative demand of the environment, and that this resulted in a 
faster rate of leaf water potential decline. The data in Appendix l 
show that smooth brome almost always reached lower leaf and soil water 
potentials than did intermediate wheatgrass. Intermediate wheatgrass, 
on the other hand, with its greater density of basal leaves, exposed a 
lower proportion of its leaf surface to the full evaporative demand of 
the atmosphere, and hence had a slower rate of water potential decline. 
It is very doubtful that morphological differences between species 
affected the observed "physiological wilting" and "protoplast collapse" 
water potentials since these largely involve anatomical responses to 
stress. Within the range of environmental factors studied here, the 
elastic modului of the tissues in both species appear similar, although 
no anatomical evidence is available to quantitatively substantiate this. 
Also, the relationship between total leaf water potential and its com-
ponents appear to be closely regulated by the degree of stress to which 
the plant is subjected. These relationships will be discussed in detail 
below. 
Influence of Soil Water Potential 
The soil is the primary source of water absorbed by plants, and 
as such is a vitally important link in the soil-plant-atmosphere contin-
uum (Taylor and Ashcroft 1972, Slatyer 1967, Kramer 1969). With contin-
ued absorption of water by the plants from the soil in response to 
transpiration, the soil water potential progressively declined in the 
pots with each successive day. It is to be noted that the soil water 
potential usually remained about 10 bars higher than leaf water 
potential throughout the entire range of water potentials measured. 
However, the data only represent the relationship at one time during 
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the day, namely in the morning prior to "lights-on" in the growth 
chamber. It is expected that the difference between the soil and leaf 
water potentials would be greater than 10 bars as the atmospheric 
evaporative demand increased during the day (Slatyer 1957a, 1957b, 1967; 
Gardner and Nieman 1964). The times when the soil and leaf water 
potentials were measured in this study were the most favorable in terms 
of the recovery of the plant from the absorption lag experienced during 
the daytime. Generally, the water potential gradient between the soil 
and the leaf did not increase appreciably as water stress in the plants 
increased. 
The steeper rate of soil water potential decline, and the lower 
values reached by smooth brome, would seem to reflect either a higher 
rate of transpiration by this species (Brown 1973), or a greater 
transpiring leaf area. However, the leaf resistance data show no 
significant differences between the two species to support the transpir-
ation argument. The differences in leaf exposure in the two species 
(explained above) may well account for the faster rate of soil water 
potential decline in smooth brome. 
It appears for the range of environmental conditions studied, that 
the relationship between soil and leaf water potentials is essentially 
the same for both. smooth brome and intermediate wheatgrass. This 
relationship also does not change when either the "physiological wilting 
point" or of "protoplast collapse" is reached. However, this is not too 
surprising since transpiration and (for the most part) absorption are 
passive processes (Meidner and Mansfield 1968). This just further 
strengthens the argument against attempts to interpret physiological 
responses based on soil water potential alone. 
Influence of Environmental Conditions 
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Few strong relationships could be demons trated among the various 
factors measured with the range of environmental conditions studied. 
The maximum range of ambient temperatures was only l0°C (15 to 25°C), 
and the range of VPD was only 5.2 mm Hg (6.2 to 11.4 mm Hg). Radiation 
flux density, windspeed, and day length were not variables. Apparently 
the range of environmental conditions was not broad enough to insure a 
significant difference in their response, and a broader temperatrue 
range would have been more desirable. The VPD range was severely 
limited because of the narrow capabilities of the growth chamber used, 
and may expalin the few differences observed in responses between VPD 
regimes. 
Days to reach wilting and collapse 
It was expected that wilting would occur sooner under the warmer 
drier environments, and take longer under the cooler more humid ones. 
The greatest responses to environmental conditions were found in the 
number of days required to reach wilting and protoplast collapse in 
smooth brome (Table 6). For this species a definite relationship 
between days to reach wilting and VPD was detected, wherein the higher 
the VPD, the shorter the time required to reach zero pressure potential. 
However, this relationship was only evident within each temperature 
regime, and not between them. No such relationship was established for 
intermediate wheatgrass. For the range of environments studied, the 
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number of days to reach wilting appears to be controlled more by VPD 
than by temperature. This is substantiated by the mathematical means of 
the data for each temperature regime, wherein there are no significant 
differences between the number of days to reach wilting and the tempera-
ture regime. 
"Protoplast collapse" occurs sooner under the warmer and drier 
environments, and later under the cooler more humid environments for 
smooth brome. However, almost the exact opposite relationship was found 
for intermediate wheatgrass. From these data it would appear that wilt-
ing and collapse in smooth -brome are more sensitive to the range of 
environmental conditions studied here than they are in the intermediate 
wheatgrass. 
Leaf water potential 
at wilting and collapse 
The relationship between leaf water potential and pressure poten-
tial was used to determine the "physiological wilting point" and of 
"protoplast collapse." For the wilting point this could have been done 
by relating the leaf water and osmotic potentials, since wilting is here 
defined where these two quantities reach equality. However, the latter 
relationship does not display 11 collapse" as vividly as the point of 
minimum pressure potential. 
Little if any real differences were found between the two species 
in the leaf water potential at wilting, or at collapse. For the most 
part the data for wilting and collapse for both species are similar, and 
strongly suggest that smooth brome and intermediate wheatgrass have 
essentially the same wilting and collapse characteristics under the 
range of environments studied here. 
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There were no significant differences for smooth brome at wilting 
and collapse among the various environmental conditions studied. 
Statistically, at least, this indicates that smooth brome responds to 
increasing water stress very similarly throughout the range of these 
environmental conditions. However, some interesting trends are evident 
in the data, despite their lack of statistical significance. For the 
most part, wilting occurs in smooth brome at lower leaf water potentials 
under the cooler and more humid environments, and at higher leaf water 
potentials under the warmer and drier ones (Table 7), as would be 
expected. On the other hand, protoplast collapse data show no trend 
with changing environment. It would be expected that wilting and 
collapse would react similarly, but the data seem to show that wilting 
phenomena in smooth brome are more responsive to this range of environ-
ments than is collapse. 
Intermediate wheatgrass, like smooth brome, shows a general trend 
of reaching wilting at lower water potentials under the cooler environ-
ments, and wilting at higher water potentials under the warmer ones. 
Again, as in the case with smooth brome, the collapse of intermediate 
wheatgrass tissues in response to water stress appears to be less 
sensitive than wilting is because no relationship with environmental 
conditions is revealed. 
Aside from the slight trends suggested in the wilting data for 
both species, there is little reason to expect that either one of them 
responded very differently to the different environments studied. 
Therefore, the pooled data for each species, illustrated in Figures 16a, 
16b, 17a, and 17b, for smooth brome and intermediate wheatgrass, 
respectively, is felt to better represent the general reactions of these 
108 
species to water stress than the data in Table 7. Certainly the wilting 
and collapse points determined with the pooled data are based on far 
more observations. 
This study does not provide any quantitative evidence to suggest 
that intermediate wheatgrass is more drought resistant than smooth 
brome. The similarity in the "physiological wilting" and "protoplast 
collapse" data for these two species appears to add support to the 
observation by Plummer et al. (1968) that they require essentially the 
same soil water conditions for growth and survival in the field. How-
ever, this is not to imply .that these data can be extrapolated directly 
from the growth chamber to the field without some degree of caution 
(discussed in greater detail below). 
Soil water potential at 
wilting and collapse 
Wilting generally occurred at lower soil water potentials under 
the cooler environments, and at higher water potentials under the warmer 
ones. Soil water potentials at "protoplast collapse" show no particular 
relationship with environment, all occurring at about -27 bars for 
smooth brome and at about -25 bars for intermediate wheatgrass. The 
soil water potentials occurring at wilting and collapse are statisti-
cally the same for both species throughout the range of environmental 
conditions studied. 
Leaf water potential 
and leat resistance 
The influence of leaf water potential on leaf resistance is 
statistically the same for both species throughout the range of 
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environmental conditions studied (Figure 12). There was a nearly 
linear relationship between these two variables down to about -30 bars 
leaf water potential. With decreasing leaf water potentials, the leaf 
r esistances in bot'n spt::cies increased at an increasing rate, becoming 
nearly aysmptotic at extremely low leaf water potentials below -60 
bars. The increasing rate of resistance with decreasing leaf water 
potential apparently reflects a declining rate of transpiration as the 
stomates close in response to progressive plant water stress. 
There are no significant differences in leaf resistance among the 
various environmental conditions studied. This indicates that the 
stomata are responding more closely to the water status in the leaf 
than to external atmospheric factors, at least within the range of 
conditions reported here. Although the range in resistance values 
observed in this study compare closely with those reported by others 
(Drake et al. 1970, Kanemasu and Tanner 1969), no evidence of a sharp 
increase in resistance was noted at some critical water potential. 
Perhaps this is because leaf water potentials and resistances were 
measured only once during the day in this study, and data are not 
available during periods of the day when the atmospheric evaporative 
demand may have caused severe decreases in leaf water potential. 
Leaf water potential 
and leaf temperature 
For both species, leaf temperature increased as leaf water 
potential decreased, with temperature increasing at a higher rate when 
the leaves were first beginning to experience stress.. With continued 
drying of the leaves, however, the rate of increase of leaf temperature 
nearly "levelled off." Also, for both species, the rate of leaf 
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temperature increase was greater under the cooler (15/10°C) temperature 
regimes, and was less under the warmer (20/15 and 25/20°C) ones. 
Although there are no significant differences between the two 
pecies , smooth bcome maintained lower leaf temperatures than int~r­
mediate wheatgrass. This is difficult to explain since the two species 
had essentially identical leaf resistances (and presumably transpiration 
rates). Although heat transfer coefficients were not determined for 
these two species, it is suspected that they would be very similar. 
Both species have very similarly shaped leaves and their physical sizes 
are nearly identical. The ·peculiarities of life in a growth chamber, 
coupled with morphological differences between them, may help explain 
this disparity. Perhaps the taller growth-form of smooth brome exposed 
a larger proportion of its leaves to the moving air (velocity of 
45 em sec-1 ) within the chamber, thus cooling them slightly by convec-
tion. Intermediate wheatgrass leaves, on the other hand, were more 
shielded by the pots they were growing in, and hence were probably not 
as directly affected by convective cooling. 
The differences between leaf and air temperatures appear to be 
rather large, particularly at high leaf water potentials. Although both 
leaf and air temperatures were carefully monitored, perhaps the air 
temperature within the plant canopies was .somewhat higher than the 
surrounding atmosphere due to the influence of the pots. The vertical 
movement of air in the growth chamber may not have been adequate venti-
lation to prevent the build-up of trapped warmer air immediately over 
the pot surfaces and within the plant canopies. 
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The Wilting Phenomenon in Plants 
The permanent wilting points observed by other workers may be com-
pared with the data reported here (see Table 1). As observed by 
Slatyer (1957a), and as noted here, visible symptoms of wilting usually 
occur at some lower leaf water potential than does zero pressure 
potential. Nearly all former observations of the so-called permanent 
wilting point in plants were based on the recognition of visible wilting, 
which was then related to soil water potential (Veihmeyer and Hendrick-
son 1950, Sykes 1966, Sykes and Loomis 1967, Turner 1972). As signifi-
cant as some of these data are, they say relatively little about the 
physiology of water stress. The soil water status above does not really 
imply anything about physiological status of water in the plant, and 
observqtions of visible reactions are not quantitative. 
Comparisons of some of the permanent wilting data, expressed as 
both leaf and soil water potentials, reported by other workers with the 
data found in this study are very revealing. The data quoted in Table 1, 
for the most part, include much lower leaf water potentials at permanent 
wilting than were observed at "physiological wilting" in this study. 
However, this is not too surprising since "physiological wilting" 
appears to be more related to temporary wilting than to permanent wilt-
ing. Slatyer (1957a) presents the only physiological wilting data in 
Table 1, and these are mainly for more xeric species than were studied 
here (except for tomato). However, his data for tomato are very 
similar to the leaf water potentials; found here at zero pressure 
potential. Data reported by the others in Table 1 were calculated on 
the basis of visible wilting, and hence would be expected to be lower 
than that at zero pressure potential. 
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Permanent wilting points based on the visible detection of wilting 
appear to be similar to the "protoplast collapse" data reported here. 
Even so, it would be highly speculative to draw any parallels between 
· isible wilting and "p ·.Lotoplast collapse." Visible wilting, which is 
not necessarily a universal phenomenon in all vascular plants, occurs as 
the result of a loss of turgor, and the flaccid tissue physically sags. 
In plants having a low modulus of elasticity, such as smooth brome and 
intermediate wheatgrass, this sag in response to water stress is common. 
Plants having a high modulus of elasticity, or those with rigid cell 
walls, may not display vis~ble wilting at all in response to water 
stress. However, "collapse" appears to be a protoplast response to 
stress, and may occur whether or not visible wilting is demonstrated. 
In smooth brome and intermediate wheatgrass visible wilting occurred 
after "physiological wilting," but prior to "protoplast collapse." 
Thus, there are at least two distinctive disadvantages to using 
visible wilting as a criterion in water relations research: 1) it 
does not offer a clear and quantitative measure of the internal water 
status of the plant, and 2) it does not occur in all species, and it 
may not always occur under some conditions even in those species that 
sometimes display it. On the other hand, "physiological wilting" and 
"protoplast collapse" do appear to provide quantitative and reproducible 
criteria that can be related directly to physiologically important 
processes in plants. For purposes of assessing or comparing tolerances 
to water stress in plants, these two latter quantities may provide a 
valuable reference point for evaluation of species differences. 
I feel that the most important observations made during this study 
were those related to determinations of "physiological wilting" and 
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"protoplast collapse." However, it is most unfortunate that the "J" 
shaped curve relating pressure potential and leaf water potential was 
not foreseen during the design phase of this study. It would have been 
: articularly interestLLg to follow this relationship out to the point 
where pressure potential again reached 0 bar. The "collapse" point and 
the apparent second zero pressure potential almost certainly represent 
critical points in a plant's water relations. Unfortunately, little is 
known about the water relations of plants under severe stress conditions. 
Most research in plant water relations has traditionally been restricted 
to plant water potentials between full turgidity and visible wilting. 
However, now it is clear that plant water relations does not stop at 
wilting, and that in fact, the range of water status that is of real 
life-and-death significance lies beyond the so-called wilting point. 
Such studies may be of particular importance to range plant studies and 
to arid-zone agriculture where irrigation is not feasible. 
The evidence would seem to indicate that wilting, by itself, is of 
minor significance physiologically to the plant. Photosynthesis has 
usually been either totally, or at least severely, reduced before wilt-
ing set in (Kramer 1969). Of vital physiological consequences to the 
plant are the effects of continued dehydration beyond wilting to the 
point of irrepairable cell damage. It would seem that these critical 
points represent very important thresholds in the life-death struggle 
of the plant with water stress. 
It can be speculated that the "physiological wilting point" is of 
limited physiological significance to the plant, except as it may 
affect stomatal guard cells. Although the plant may experience severe 
physiological limitations at this point, such as reduced photosynthesis, 
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elevated respiration, lower transpiration and higher leaf temperatures, 
with adequate water this tissue can be restored to full activity. How-
ever, the point of "protoplast collapse" probably represents a point-of-
r:J-return for at least portions of the tissue in which, even if water 
is supplied, some cells will have suffered permanent damage. With con-
tinued stress, more and more tissue is damaged until, when the apparent 
second zero pressure potential is reached, virtually all of the tissue 
is dead. Of course, of ultimate importance to the plant are the conse-
quences of reaching these thresholds in the meristematic tissues. Wilt-
ing, collapse, and ultimately death of vegetative tissue have important 
implications to the vigor of the plant, but only when we understand these 
phenomena in the meristems will we begin to understand the ultimate 
limits in plant water relations. 
The data collected and illustrated here were collected under arti-
ficial environmental conditions, and cannot be literally extrapolated to 
field conditions. It is quite likely that "physiological wilting" and 
"protoplast collapse" would occur at different leaf water potentials as 
environmental conditions vary. For smooth brome and intermediate wheat-
grass growing in the field, the "wilting" and "collapse" thresholds 
would probably shift both higher and lower along the leaf water potential 
axis as phenology and environment vary with time. Thus, it is implicit 
that the absolute values of "physiological wilting" and "collapse" 
reported here are not constants for these species, but merely serve to 
indicate their water relations responses within a narrow range of 
environmental conditions. 
Additionally, these data strongly suggest this research be 
extended to other species and kinds of plants. Although the 
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significance of the "physiological wilting" and "collapse" points need 
to be verified, it would be very interesting to determine if they occur 
in other plants (such as halophytes, xerophytes, or woody plants in 
g~neral). The data of J0y-Meir and Ginzburg (1969) suggest that these 
phenomena occur in woody plants, and should be continued to determine 
to what extent they occur, and of what significance they may have 
ecologically. This is equally true of all vascular plants, whether 
herbaceous or woody. 
Teoh et al. (1967) indicate that the amount of cell wall material 
is an important physiologic~! consideration relative to plant ecological 
distribution. It would seem that an opportunity exists to investigate 
the relationships between the mass of cell wall material, "physiological 
wilting" and "protoplast collapse," and apparent adaptability to xeric 
environments. Particularly, the relationship between leaf water 
potential and pressure potential may provide a very useful and quanti-
tative technique of evaluatjng plant adaptability to severe environments. 
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SUMMARY AND CONCLUSIONS 
The water relations of two grass species, smooth brome (Bromus 
inermis Leyss.) and intermediate wheatgrass (Agropyron intermedium 
(Host) Beauv.), were studied under a range of controlled environmental 
conditions. The environmental conditions studied included three 
temperature regimes (day/night temperatures of 15/l0°C, 20/l5°C, and 
25/20°C), and three vapor pressure deficit regimes (6.2, 8.8, and 11.4 
mm Hg) within each temperature range. A total of six plants of each 
species were studied simultaneously under each of the nine environments, 
and each set of conditions was replicated once. Shortwave radiation was 
-2 -1 0.5 cal em min provided over a 14 hour day length, and the wind speed 
was constant at 45 em sec-l The plants were subjected to a single 
severe wilting cycle, usually requiring about 4 days. 
Just prior to when the lights came on and the temperature increased 
each morning, the soil water potential was measured with thermocouple 
psychrometers, and several leaf samples were removed from each plant. 
At this time of the day the water relations of the plant are at their 
most favorable condition. Leaf water potential of the samples was 
measured with thermocouple psychrometers in sealed sample chambers under 
isothermal conditions. The leaf osmotic potential was measured simi-
larly after the tissue had been frozen in dry ice and then thawed. The 
pressure potential (turgor pressure) was then calculated as the 
difference between leaf wate~ and osmotic potentials. After the lights 
came on in the growth chamber, and after the temperature had increased 
from the night to the daytime level, the leaf surface temperature (°C) 
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of each plant was measured with a Barnes radiometer, and leaf resistance 
-1 (sec em ) of each plant was measured with a diffusion porometer. 
Leaf water potential, osmotic potential, and soil water potential 
:.11 decreased prot_;ressi7ely each day under continued water stress in 
both species, while leaf temperatures and leaf resistances increased. 
Generally, leaf and soil water potentials decreased more rapidly and to 
a lower extreme under the warmer environments than under the cooler ones. 
The leaf osmotic potential was always lower than leaf water potential 
when the plants were turgid, but with continuing stress, leaf water 
potential eventually declined below the osmotic potential. The point 
where these two quantities reached equality, and the pressure potential 
is at zero bar, was termed the "physiological wilting point." 
The relationship between pressure potential and leaf water potential 
is believed to be of considerable importance. This relationship shows 
that as leaf water potential progressively decreases, the pressure 
potential declines from an initial high of about 10 bars, eventually 
becoming negative. The "physiological wilting point" occurs where the 
pressure potential passes through zero bar. With continued stress, the 
negative pressure potential reaches a minimum, and then begins to 
increase toward zero bar again. The minimum pressure potential is 
believed to represent the point where individual cells begin to collapse 
in response to the pressure differential across their membranes between 
the positive atmospheric pressure outside and the negative pressure 
inside. This phenomenon is termed "protoplast collapse," and is 
considered to represent permanent cell damage. 
Intermediate wheatgrass required significantly more time to reach 
"physiological wilting" and "protoplast collapse" than smooth brome. 
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However, these differences appear to have been due more to morphological 
variations between the two species than to physiological ones. Smooth 
brome grows taller than intermediate wheatgrass which, it is felt, 
xposed a larger proportion of the leaf surface to the atmospheric 
evaporative demand, thus causing a more rapid depletion of soil water, 
decreases in leaf water potential, and wilting and collapse. This 
explanation appears to be substantiated by the lack of a significant 
difference between species in terms of the leaf water potential at 
which wilting and collapse occur. 
Soil water potentials .remained about 10 bars higher than leaf 
water potentials throughout the entire wilting cycle, with no significant 
differences between species. Also, no significant differences among 
environmental conditions were found for each species. 
Leaf resistance increased as leaf water potential decreased, becom-
ing asymptotically higher as the leaf tissues progressively became drier 
with no significant differences between species. A critical leaf water 
potential was not identified at which leaf resistance increased sharply, 
perhaps because these factors were determined only once a day. Hence, 
the influence of rapid leaf water potential changes on leaf resistance 
was masked, resulting in an integrated relationship. 
Leaf surface temperature increased as leaf water potential 
decreased in both species. However, the relationship was highly signifi-
cant among the three temperature regimes. For both species the steepest 
increase in leaf temperatures was achieved under the 15/l0°C temperature 
regime, and the least was under the 25/20°C regime. The difference 
between leaf and air temperature was greatest at low leaf water poten-
tials under the cooler air temperatures. 
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The leaf water potentials at which "physiological wilting" and 
"protoplast collapse" occurred were the same for both species. Smooth 
brome reached wilting at a leaf water potential of -18.4 bars, and 
c 1llapse at -45.0 bars, and intermediate wheatgrass at -18.3 and -46.5 
bars, respectively. 
Few relationships were demonstrated among the various physiological 
factors measured with enyironmental conditions, perhaps because the 
narrow range of conditions studied here bracket only a portion of the 
range of responses for the two species considered. Thus, the water 
relations of smooth brome apd intermediate wheatgrass are essentially 
the same for the range of conditions considered. 
The results of this study provide important information about the 
wilting phenomena in these plants, and illustrate the possible 
mechanisms by which it occurs. The physiological "wilting" and 
"collapse" points provide quantitative criteria by which the water 
relations of different plant species can be evaluated. 
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APPENDICES 
Appendix l. Individual data observations of both replications for smooth brome and intermediate wheatgrass. Symbols are: leaf 
water potential, bars (lji); osmotic potential, bars (lji'l!); pressure potential, b aJ:s (ljip) ; soil water potential, bars 
(ljis); leaf resistance, sec Clll-1 (R); and leaf temperature, ° C (T) . 
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4 -29.8 -26.7 -3.2 -23.6 15.2 
28. .. - j5,4 -32,n -~ ,. - .,c:; ,, 16 ,4 
0\ 
Appendix 1. Continued 
Replication 1 ENVIRONMENT 15/10 - 8. 8 
--------------------------------------------~----
Plant Day 
,. 
5 
-1-
2 
:3 
'+ 
1 
2 
3 
,. 
1 
2 
3 
I+ 
1 
2 
3 
'+ 
1 
2 
3 
'+ 
1 
2 
:3 
I+ 
~ 
- 21,8 
- :3d,5 
- 5b,1 
8.8 
- 13,1 
- 32,7 
- 53.2 
- 12.,8 
- 15,4 
- 39,3 
- 60,1 
8,0 
- 20,9 
- 37,6 
- 56,5 
9.8 
- 20.6 
- 33.0 
- 60.'+ 
9,7 
- 17.7 
- 39,1 
- 60,2 
- 7,8 
- 6,2 
-21,5 
-1+0,2 
- 8,7 
-11.1 
-21),8 
-:37,9 
- 8,2 
- 9,7 
-21+,9 
-IU,5 
- &,2 
- 9.5 
-2'+.9 
-42.,5 
- 8,6 
-10,3 
- 2o, 0 
-'+.3,2 
- 6,9 
-ll.'+ 
-£'+,5 
-'+0,7 
\jill 
~ 
- 19,7 
- 36.7 
- 50.9 " 
- 1'+.2 
- 15.:3 
- 30,8 
- '+8.6 
- 16.9 
- 15.:3 
- 37.0 
- 55.5 
- 14.0 
- 19.3 
- 36.'+ 
- 51.4 
- 14.4 
- 17.9 
- 31,3 
- 56.0 
- 15,6 
- 16.1 
- 36,8 
-56.'+ 
- 13.7 
- 14.7 
- 18,9 
- 3b.3 
- 15.3 
- 1'+.5 
- 24.9 
-35.3 
- 15.7 
- 15.1 
- 21.9 
- 37 .o 
- 15.5 
- 15.2 
- 21.9 
- 37.7 
- 16.4 
- 14,6 
- 23,3 
- 38,2 
- 14.8 
- 13,9 
- 21,7 
- j6, 3 
---.,-;2 ~ 
-2,0 - 12,2 
-1.8 -:34,0 
-5,2 -53,1 
5,4 ,0 
-2,8 -12,0 
-1.9 -21,0 
-4,6 - 40,1 
4,1 o.5 
-.3 - 12,8 
-2,3 - 35.9 
-4.6 - 56,5 
6,0 - 0,5 
-1.6 - 11,3 
-1,2 -31,9 
-5.1 - 46,'+ 
4,6 - o.5 
-2.7 - 12,1 
-1,7 -22.8 
-4,4 - 1+9,1 
5.9 - 1,0 
-1.6 -11,7 
-2.3 - 34,5 
-3,8 - 53,5 
5.9 
8.s 
-2.5 
-1,9 
6,5 
3.4 
-1.8 
-2.6 
7,5 
5,4 
-2,0 
-4.5 
7,3 
5,6 
-3.0 
-4.8 
7,8 
4.3 
-2,7 
-5,0 
5,9 
2,5 
-2,8 
-4,4 
.o 
.o 
- 10,'+ 
- 25,4 
.o 
- 2.1 
- 15.7 
- 30,4 
.o 
,0 
- 17,2 
- 38,5 
.o 
- 0,5 
- 1'+, 9 
- 27,6 
0,3 
o.s 
- 15,5 
- 26,9 
·" 0,:3 
- 14,7 
- 25,3 
R T 
~~ 
6,5 22, 
8,3 25. 
11,5 27, 
2,9 22. 
:3,3 27. 
6,7 31, 
11.4 30, 
1,4 22, 
'+,0 26, 
F>,6 26, 
11,3 32, 
2,0 21, 
5,8 25, 
9,9 26, 
14,8 31, 
2,0 21. 
5,4 26, 
10,3 28, 
14,7 33, 
1,3 20, 
6,'+ 26, 
11,9 29, 
12,5 32, 
1,9 
2,1 
6,2 
17,0 
2,8 
5,7 
8,0 
14,7 
2,8 
4,8 
9,7 
16,3 
2,4 
4,1 
7,9 
1R,2 
2,2 
4,7 
7,2 
18,5 
2,0 
4,'+ 
6,5 
15,5 
21. 
22. 
27, 
30, 
21, 
21+, 
25. 
29, 
22, 
22, 
25. 
29, 
20, 
22, 
26, 
30, 
21, 
22, 
26, 
31, 
21, 
22. 
25, 
30, 
SHOOTH BROME Plant Day 
---,- 1 
2 
~ 
4 
1 
? 
~ 
4 
" 1 2 
:3 
4 
4 1 
2 
3 
4 
1 
2 
3 
4 
, 1 
2 
~ 
4 
INTERMEDIATE WHEATGRASS 
~ 
- 1 c;. 1 
- 32,8 
- '+ ... 2 
- 1 :a 
- 20.7 
- 36,5 
- '+5, 9 
- 10.2 
- 14,1 
- 35,2 
- 34,5 
- 9,0 
- 17 4 
:. 32:3 
- 43,6 
- 9,8 
- 21,3 
- 36,8 
- 43,0 
- 9,1 
- 18,9 
- 33, q 
- 4'5. 1 
- 8,8 
- 8, 7 
- 12,6 
- 22.9 
7,7 
- 1<'. 5 
- 36,7 
- 4~,3 
8,1 
- 12. ') 
- 27,5 
- 4'1, B 
7,9 
- 13 3 
- 28:9 
- 41,6 
'1,6 
- 1?. 1 
- 34,6 
- 45.0 
8,6 
- 1 ~ ·"' 
- .}ll, l 
- '+ 3. s 
Replication 2 
\jill 
-=-i6:6 
-17,"1 
-26. ~ 
-3-6.7 
-14. 4 
-16,9 
-32,9 
-'+1, 3 
-1&,? 
-18,3 
-25,0 
-33,9 
-15,4 
-17,7 
-27,f> 
-39,7 
-15,7 
-18,6 
-33,4 
-39,f-
-15,9 
-1a,n 
-29, u 
-40 ,F, 
- 17. ~ 
- 17.7 
- 19.0 
- 22, 3 
- 15,8 
- 15,9 
- 31,6 
- 41,4 
- 16,9 
- 17,2 
- 25,9 
- 37,4 
- 16,~ 
- 15,13 
- 26,3 
- 39,5 
- 15. ~ 
- 15,9 
- 31,7 
- 42.5 
- 15. 'i 
- 15."' 
- 30.7 
- 40,4 
2,7 
-h ... 
-o.L. 
....... 
- ~ ., 
- .~.,.. 
_,j ·" 
f>,n 
4,? 
-ln,;:> 
-.F. 
f\,' t 
- 1 .... 4 
- ?1 ,q 
- :_>.c:;. 1 
1 ". 7 
- 27.7 
- -~..,. 4 
,'1 
- 1?. 7 
- 17.7 
- ?q,3 
,n 
'~,a 
-4,6 - 2?.5 
_,,0-31,7 
..., a - 0 .~ 
? , 7 - l n ,a 
-3 .... - 2:'1,9 
-~,u - 3!'1,1 
7,<~ ,n 
- 0 - 1?,1 
-~ • if;: - ?~,a • A 
-u ~ 'I~ • 1 
~." 
4,1" 
b,U 
- <-. 
~., 
"5,' 
-'::>,, 
-1 •"' 
" Q 
4,"1 
-1,6 
- .'),rr 
f',:" 
2,"' 
-?,F-
-::> ., 
" 7 
.1 , Q 
-;>,o 
-2,r:: 
6,Q 
1 ... 
- '. ' l 
- ~ ., 
,n 
.... n. 
- 1 Q. 5 
• 0 
A,<, 
- 2 .... 5 
- 'F-. 5 
.o 
- ". 4 
- 1". 3 
- 31., 
,r) 
- ., • :5 
- l 0. (1 
- '1<:;." 
,I) 
- 7. D. 
- 21.1," 
- JF,. 1 
• 0 
- .., • 9 
- :.> ... ,., 
- -~"'. \ 
R T 
, ,, ;:>,. 
r .., ?7. 
]r,7 2o, 
17 ,r• ;:>a, 
c:;: ' ) 1"-'. 
P,t ;>"-
". l 27. 
, 7 ,1.1 31. 
11 ,4 1'~, 
" ':I 2?, 
0 ,9 26, 
10,:3 20, 
?,7 2", 
" ... 2", 
1" "- 2R, 
1"'. ;:> 31. 
? ,2 21. 
tl ,C? ?~. 
t?,o ;:>a, 
l",q 3", 
, ,'5 ?.", 
.... ,_ ?"'. 
1?.~ ~"' 
,., ::). "',. 
... ( 
~.u 
o,l.l 
o,q 
u,7 
a,t 
1"-,1 
, ". 7 
., 0 
o,n 
1?,9 
l"-,9 
... ,'3 
7 4 1?> 
lP,F, 
.... ~ 
7 " 
1".~ 
to,,:, 
II I! 
0 7 
1C.,'' 
lf-. , .... 
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Appendix 1. Continued 
Plant 
2 
5 
Day 
-y-
2 
3 
'+ 
1 
2. 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
~ 
- 2u .3 
-34 9 
- 4!::1:5 
- 5,8 
-24.7 
-33,5 
-47,1 
-12.7 
- 21;,1 
- '+1,9 
-56.2 
- 7,3 
-10,9 
- 2&,4 
- '+6,5 
- 9 4 
- 19:9 
-37,2 
-59,9 
- 10,0 
-25,8 
- 4.1. 9 
- 6~.6 
- 12,4 
- 19,0 
-27,1 
-61,1 
- 6,9 
-11,8 
-26,4 
- 4b, 0 
- 4,5 
- 9,3 
- 21,0 
- 38,4 
- 8,4 
- 12,7 
- 2o,2 
-45,4 
- 7,5 
- 17,3 
-29,7 
- 5'+,9 
- 7,5 
- 13,5 
- 2t),2 
- 5.i.,6 
Replication 1 
lji'!T ljlp ljls 
-16.6 b";"9 ~ 
-19.3 
-29,9 
-'+2.6 
-13,2 
-18,5 
-32,4 
~4.7 
-16,1 
-24,3 
-37.7 
-53.4 
-15,9 
-16.3 
-20.9 
~2.8 
-15,7 
-17,9 
-30.3 
-55,5 
-17.2 
-22,6 
-38,4 
-59,6 
16.1 
18,8 
24,5 
54,8 
15,3 
16,6 
24.2 
42,1 
12,9 
15.4 
19,7 
35.0 
14.7 
15.2 
23.3 
41,6 
15,9 
18.1 
26,0 
50,'+ 
15,1 
.1.5,7 
2'+.1 
47,3 
-1,(1 
-s.o 
-2,9 
7,4 
-6,2 
-1,1 
-2,5 
3,5 
-3,8 
•4,2 
-2,8 
8,6 
5,3 
-5,5 
-3,7 
6,3 
-2,0 
-6,9 
-4,3 
7,2 
-3,2 
-3,5 
-3,0 
3,6 
-.2 
-2,7 
-6,3 
6,4 
4,8 
•4,1 
-3,9 
8,5 
6,2 
-1,4 
-3,4 
6,3 
2,5 
-2,9 
-3,8 
8,5 
.a 
-3,7 
-4,5 
7,6 
2,3 
-4,1 
-4,3 
- 14. ('I 
- 23,6 
- 41,5 
- 1,2 
- 17,5 
- 27,5 
- 39,4 
- 1,2 
- 15,2 
- 26,2 
- 42,2 
.o 
- 1,1 
- 13,2 
- 30,6 
,a 
- 12,3 
- 23,8 
- 45,7 
,0 
- 17,0 
- 31,7 
- 49,6 
,4 
6,4 
20,4 
40,5 
,o 
1,0 
12,1 
25,0 
,0 
1,1 
12,3 
22,0 
,5 
1,0 
15,6 
25,4 
,0 
5,1 
13,3 
38,0 
,0 
1,3 
14,4 
39,5 
ENVIRONMENT 15/10 - ll.4 
R T 
4:9 ""'I'87 
1">.~ 2!:>, 
16,9 26, 
2A,2 29, 
6,5 19, 
14,3 23. 
24,3 25, 
27.1 31. 
4,9 20, 
11.6 24. 
30,1 27, 
25,7 32, 
4,5 21, 
12,1 25, 
18,4 27, 
25,8 30, 
4,4 20. 
14,9 23, 
17,6 27, 
25,5 32, 
4,6 19, 
14,1 24, 
17,5 25, 
27,9 33, 
3,9 
11.0 
14,0 
26,2 
5,3 
10,7 
20.8 
19,8 
5,3 
10,7 
18,'+ 
18,9 
5,4 
11,5 
20,6 
22.6 
3,9 
16,3 
23.1 
27,2 
2,'+ 
ll .l 
16,5 
23,8 
19, 
27, 
30, 
34, 
19. 
2'+. 
27, 
3'+. 
18. 
2:5, 
26. 
33, 
20, 
2'+, 
28, 
33, 
20, 
27, 
29. 
34, 
19. 
23. 
29. 
.33, 
SliDOTH BRO:HE Plant 
--,-
I~ 
INTERMEDIATE WHEATGRASS 
Replication 2 
Day 
-1-~~ 
;> - ? ,, • 7 - 1 8 • Q 
3 - ~f>,::> -30, 0 
4 - 4 q. 9 -4"4. ':i 
l - 6,4 -15,n 
2 -21,9 -19,4 
3 -27,5 -24,A 
4 - !') t. 8 -4 7. 6 
1 - 7,2 -16,\ 
2 - 1q,,., -18,3 
3 -29,6 -27,P 
4 -46,6 -42,9 
1 - 9,8 -13, 0 
2 - 19,9 -la,n 
3 - 39 8 -37. n 
4 - o'3:4 -60,1 
1 - A,9 -15 • . ~ 
2 - 21,9 -19,A 
~ - 37 1 -34,3 
4 - s'\'7 -ss.t 
1 s>~ -15,? 
2 -17,6 -17,1 
3 - 26,6 -24,? 
4 - '+5,8 -41,5 
- lt. 3 
- 31,9 
- 4:3,2 
- 6~. c 
7,6 
- 1'+. 9 
- 2~. A 
- 46,1 
6,Q 
9,3 
- 22.5 
- .30. f3 
8,7 
- 17,3 
- 31') 6 
- 42:2 
7,6 
- 12.9 
- 24.7 
- 41'1. g 
Q 0 
- \ ~. q 
- 2"1. 1 
- .. 7. 0 
-1'+. r 
-30,2 
-42,2 
-59,1 
-15,3 
-16,4 
-26, A. 
-42,"\ 
-14,7 
-ts.~ 
-2o. 5 
-27. 'I 
-11+,7 
-17.2 
-27,4 
-38,9 
-15,2 
-16.0 
-22,6 
-:37 ,A 
-11+. 1 
-15,P 
-23. " 
-43, 0 
ljlp ljls 
_"1_0_ ---.-7-
-l • ..., 
-" .. 
-'4.0 
H,F-
-2,c; 
-2,7 
-4.1 
1'1 n 
- ~ 
-?.~ 
-.3,7 
4 ·' 
-l ·"' 
•2,A 
-'1, ~ 
,, .. 
-2," 
-?.A 
-3,A 
n," 
- c; 
•2,U 
-4,2 
"·" 
-1,7 
-1,n 
-.3,<=' 
7,P 
l,F-
_,.n 
-.5.~ 
7,P 
f-," 
-z,n 
-.3,, 
'i,O 
-3,? 
-3,? 
7," 
3,1 
-2 ·' 
-3., 
"'"·" , •', 
-'-' . .., 
-"' n 
-l ... 1 
-?~.? 
-.3<;,5 
• 0 
-l ~ ,9 
-2?,Q 
-34,.3 
·"' 
-11 • t 
-lO,f) 
-:'17. ·~ 
- o. 5 
-1;:>,0 
-20,2 
-~~.2 
- 0 ,o 
-1'11,~ 
-31. ~ 
-40,':i 
- 0. ') 
-\1"',? 
- - t,o 
-j~.c; 
- , • r 
-:?4 ,9 
-4'1. 5 
-">1'1, 0 
- 0. 4 
- 7,8 
-u~.s 
-31.0 
.n 
- I. 3 
-11 • 1 
-2n ,6 
.o 
- A, 4 
-lf),9 
-.3n. 5 
- 0,5 
- ? • ?. 
-l?. ~ 
-2F>, 7 
- 0. Q 
- P,l! 
-1 A, 1 
-.5n • ') 
R 
1'' •"'1 
?, • ~ 
?'•. Q 
? ,1 
1 u."' 
10. ' ) 
;:>c;,c; 
"·"' 1 '. n 
2','1 
27,2 
~.~ 
l?,u 
2?,Q 
~·. 2 
,, .4 
1'-,n 
10,0:. 
'\II ,6 
1'1.::> 
2?,6 
.,,,7 
t:. ~ 
t?,'ll 
\A 0 \ 
?."," 
...... 
\, . ..., 
1 R • '4 
, .. , ... 
",'i 
1"' " 
?1. 3 
2'' . 7 
" ? 
l, ."' 
17,7 
~,.,., 
... ? 
T 
~ 
? • 
?O, 
3"". 
2", 
Appendix l. Continued 
Replication 1 ENVIRONMENT 20/15 - 6. 2 
-------------------------------------------
Plant 
--1-
2 
5 
Day 
-1-
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
'+ 
1 
2 
3 
4 
1 
2 
3 
4 
1jJ 
-=--7.3 
- 19.6 
- 29.3 
- '+U .9 
- &.8 
- 21.6 
- 29.8 
- '+2, 7 
- 9.3 
- 21.8 
- 31.4 
- 44 4 
- 7:3 
- 19.8 
- 2&.5 
- 42.3 
- 7. 9 
- 1~.1 
- 25.5 
- '+O .a 
- 7 .a 
- 17 .a 
- 26.5 
-'H.6 
- 9.5 
- 11.1 
-20.8 
- 27 .a 
- 11.9 
-u.s 
-22.7 
- 29.4 
- 11.1 
- 10.4 
- 1a.o 
- 34.2 
- 9.1 
- 11.3 
- 19.5 
-35.0 
- 1u .6 
- 12..6 
- 21.1 
- Jv. 7 
- 8.9 
- 11.6 
- 20 .a 
- 3o.3 
lj!ll 
-17.4 
-19.1 
-27. 0. 
-37.3 
-16.4 
-19.2 
-26.3 
-38.4 
-17.0 
-21.0 
-29.0 
-38.4 
-17.2 
-19.2 
-25.9 
-38.3 
-15.5 
-16.7 
-23.0 
-37.5 
-17.1 
-18.5 
-23.8 
-37.7 
- 16.9 
- 16.9 
- 20.1 
- 23.5 
- 18.4 
- ·17. 7 
- 20.7 
- 26.4 
- 18.2 
- 17.3 
- 18.5 
- 31.4 
- 17.2 
- 17.5 
- 18.9 
- 31.9 
- 17.9 
- 16.7 
- 20.3 
- 27.2 
- 17.6 
- 17.5 
- 19.6 
- :31.6 
lj!p 
1o:1 
-.5 
-2.:5 
-3.6 
7.6 
-2.4 
-3.4 
-4.2 
7.7 
-.7 
-2.4 
-6.0 
9.9 
-.6 
-2.5 
-4.0 
7 . 6 
1.7 
-2,5 
-3.4 
9.3 
,7 
-2.7 
-3.9 
7.4 
5.7 
-.7 
-4.2 
6.5 
6.2 
-2.0 
-3.0 
7.1 
6.9 
-.5 
-2.8 
8.1 
6.2 
-.6 
-3.1 
7.3 
4.1 
-.8 
-3.5 
8.7 
5.9 
-1.3 
-4.7 
lj!s 
--:-o:7 
-13 .1 
-24.1 
-37.8 
.o 
-1:5.5 
-24.0 
-39.8 
- 1.4 
-13.8 
-25,5 
-37,6 
,o 
-13.8 
-24.6 
-37.1 
- 0. 5 
- 8,2 
-22.0 
-34.8 
.a 
-12.6 
-22,3 
-34,2 
- o,a 
- 3. 0 
- 9 0 
-17:2 
- o .a 
- 1.5 
- 9. 7 
-2:5.2 
- 1.1 
- o ,a 
- 6,9 
-23.3 
- 0. 7 
- 1.5 
- a.5 
-22.2 
- 1.1 
- 1. 5 
- 7.9 
-21.0 
- o.9 
- 1.6 
- 11.2 
-23.2 
R T 
------
.2 22. 
.4 24. 
2.3 27. 
s.o 27. 
1.2 25. 
9.0 28. 
11.6 30. 
16.8 .30. 
2.0 25. 
4.1 27. 
7.6 27, 
17.9 29. 
1.0 24. 
B.l 28. 
11.0 30. 
15.3 30. 
.o 24. 
2.2 25. 
8.9 28. 
1'+.8 30. 
.o 25. 
1.4 26. 
5.6 27. 
12.6 29. 
25. 
25. 
28. 
30. 
27. 
25. 
26. 
31. 
24. 
2'+. 
27. 
29. 
25. 
25. 
26. 
29. 
25. 
25. 
27. 
29. 
23. 
24. 
26. 
31. 
SMOOTH BROME Plant Day 1jJ 
INTERMEDIATE WHEATGRASS 
- q. 7 
2 - 19.2 
:3 - 37.6 
4 - I+Q.4 
' 1 ~." 
2 - D.l 
3 - .30 .9 
4 - 5 0.4 
~ 1 s. 0 
2 - 15.fl 
3 - 26.6 
4 - 4:5 7 
" 1 6:7 
2 - 11'1.5 
3 - 21'1.9 
4 - 4F>. 7 
c; 1 7.5 
2 - 19.9 
3 - 30.5 
4 - '+7 .f> 
6 1 9." 
'I 
2 - zn. 5 
3 - 30.8 
4 -51,.7~ 
a.o 
- 12.9 
- 21.0 
- 43.7 
- 1,. 5 
- 12.0 
- 21.1 
- 4"i. 1 
9.7 
- 11.4 
- 19.9 
- 4f1. 2 
- 1 n . 3 
- l?.. 13 
- 20 5 
- 41:3 
s.o 
- 1 f') 8 
- 1<9 
- ~4.~'~ 
7.2 
- J '1. F, 
- n.g 
- 34.0 
Replication 2 
1jl11 
-16." 
-19.1 
-34. ~ 
-43,0 
-15.4 
-16.1 
-26.A 
-44.6 
- 14.7 
-17.3 
-22.f:> 
-39.4 
-16.2 
-16.9 
-23.:'\ 
-42.1 
-14,'"> 
-t8.A 
-27.\ 
-42,'5 
-15.6 
-19.4 
-27.1 
- '+5.1 
-16.~ 
-18.0 
-19.6 
-38.2 
-17.~ 
-17.1 
-20,1 
-'+2.~ 
-17.6 
-17,1' 
-19.6 
-35.5 
-17.n 
-17.7 
-18. 0 
-38.3 
-18.7 
-17.& 
-19.4 
-31.7 
-lA.~'~ 
-17 • .., 
-19,? 
-31.? 
-2." 
-"·'l 7.? 
-4., 
-~.R 
">.7 
1."' 
-u." 
-u,n 
'~·" 
•'I 
-3·" 
-u,7 
7•n 
-1,1 
-:'I.e:; 
-s., 
., ... 
-1., 
- .' . .., 
-<,,c; 
~.' 5., 
-l,ll 
-s.c; 
"·" 
">." 
-1." 
-2." 
7.0 
6.? 
-.u 
_u .., 
7,F. 
,,.,n 
-·'·, ll.F. 
7,., 
- C.l 
-.. ~.-, 
ljis 
0.~ 
n.7 
-:>"\,Y 
- '". 9 
- o.s 
- ~+.q 
-2'1.5 
-'+1. 5 
.a 
- 11'1. ') 
- ?1 .... 
-.314. A, 
.n 
- .... 3 
-2!:1.7 
- 3? .& 
.tJ 
- n.3 
- ?c; • n 
-~o.7 
- o.s 
- a.~ 
-24,1':> 
- 3q, "' 
- , • 1 
- 1.0 
-l n .1 
-34.1 
- 0. 7 
- 0. 5 
-t?.l 
-'?,1) 
- 1. 5 
- 1. 5 
- '1,5 
-2?.9 
- 1 • 4 
- , • "i 
- P. 0 3 
-2U 0 2 
- 0. 5 
3.0 
- 7.1 
-27.[1 
- o. A, 
- , • q 
- ct. 1::_ 
-~ 'J • n 
R T 
1,') 
'""· '"" 
llt,? 
.2 
'.f:, 
"·" 
'"·5 
.,., 
1 .4 
'·q 
1 1 .5 
.n 
1 .g 
c:..'+ 
1?.2 
.n 
".3 
II '7 
.3 
, ,') 
'.7 
'·"' 
·' 1. i 
... & 
t?.A 
• t 
1. 7 
u,2 
'.4 
.., 
•• 5 
".n 
1?.'1 
.21 
1 0 
c.,':"' 
7 ,t'-
• 1 
" ' 
?0. 
=' ''· 
?~. 
Appendix l. Continued 
Replication 1 ENVIRONMENT 20/15 
-
8. 8 Replication 2 
Plant Day 1jJ 1jllf ljJP 1jl8 R T Sl100TH BRDHK Plant Day 1jJ 1jlll 
__ 'ii_P_ 1jl8 R T 
--1- ----- ------ ------ ------- ------1 -10,4 - 16.5 6,1 - 1,5 .o 2~. - 10,6 - 17,1 6 " - 0,1 1", n ?"'. 
2 -21,1 - 17,9 -3.3 - 12,4 .0 27, 2 - 23,5 - 19,, -u It - 1..,. _\ 1" ,5 
3 - 3o,3 - 31.2 -5.1 - 26,3 .0 29, ... - 36,4 ~2.7 -~ ... - ?f.. '3 2D,<, ~". 4 
-47,9 - 44,8 . -3.1 -45,8 .o .31, 4 - 47.9 - ~"2.0 -'),' - ~f.. 0 40 
·" 
30, 
2 1 -12,8 
- 15.8 3,0 - 2,4 .o 24, :> I - 12.9 - 17,P u Cl - 1,3 1 , • 1 ~~. 
2 
-15.2 - 15,8 ,6 - 5,3 .o 26, 2 - 21,4 - 17,9 -3," - l:.'I,S 1",7 2"1, 
3 -26,5 - 23,8 -2,6 - 16,0 .0 27. 
- 32.5 - 27,9 -ll."' - ?"7. 1 ?0 
·" 
:>O, 
4 -38,3 - 34,5 -3,8 - 31,6 .0 29, 4 
- 4~. 3 - 39.~ -.3,1'- - 37,'1 4",6 '1 • 3 1 
-
9,7 
- 16.7 7,0 - 1,2 .0 23. 
"' 
1 - o,3 - 15,7 6,4 - 0,7 1".~ 2~. 
2 -13,1 
- 15.4 2,3 
-
9,8 .0 26, 2 - 1 ~. 4 - 16,6 -1, 0 - 17,1 17,q :?"-, 
3 
-26,1 
- 22.9 -3,2 - 20,7 .,.o 28. 3 - .35, 0 - 30,7 -~~.~ - 27.5 ?0,~ Jn, 
4 
-41,4 -36,7 •4,7 - 31,6 g.o 29, 4 - 147.1 - 43,':> -3,"- - 4:>, 3 f.IU,q 3!. 
4 1 
-
9,4 
- 16.5 7,2 
-
0,7 !l· o 24, 4 1 - 10.5 - 16,2 ':>,7 - O,o 7,4 2<;. 
2 -20,7 - 17,9 -2.7 -u.s ~.0 27, 2 • 18,9 - 17,1 -1, Q - 1f.,5 ,..,,6 ?"-, 
3 -34,4 
- 31,4 •3,0 -26,0 ~.0 29, 3 - 34,6 - .31,5 -3,, - 27. () 3:?.9 3n, 
4 
-45,4 
- 42.1 •3,3 - 37,2 1:· 0 30. 4 - 46,2 - 42,7 -3," - ~IJ. 2 40,3 31. 
5 1 
-
8,9 
- 16.8 7,9 0,7 o.o 23, c: t - 9,6 - 16,') 6 ,, . o P,? 2"i, 
2 -19,8 
- 17.8 -2,0 - 12.0 ~.0 26, 2 - 19,3 - 18,2 -1,1 - 1 "i. 1 14,? 2f., 
3 -29,8 - 26,5 -3,3 - 20,6 .o 28. 3 - 3n ,4 - 27.~ -:.'1,1 - 2c:;, 5 ?"-.~ 20, 
4 
-'+1,3· - 36,8 -4,5 -:31,2 .0 :u. 4 - 44.-7 - 41,5 -4,'2 - 4?., 1 4"7,<; :51. 
6 1 
-
6,6 - 16.2 7,5 ,0 .0 24. F.. 1 - 1 n, 6 - 15,8 ~., - 0,7 q.p. 2", 
2 -21,9 - 20,4 -1,5 - 15,1 .o 26. 2 - 20.7 - 18,5 -?,'.? - 17,1 lD,"i ?7, 
3 -37,2 - 33.9 -3,3 -26,3 .0 .31, ... - .33, 9 - :3o,o -3." - ~A • n :3', ' 20, 
4 -46,2 
- 42.8 -3,4 - 36,3 .0 .31, 4 - 41';,1'> - 42.1 -4, c;. - 'l"l.. 5 ,.c. 7 ~1. 
INTERMEDIATE WHEATGRASS 
1 1 b,5 - 13,9 5,4 0,3 .o 28, 1 - 1 n '? - 15,1.1 S,:> - , ,11 q :?'-, 
2 11.9 - 1 ... 1 2.2 1,3 .o 28. 2 - 14,2 - 15,6 1 , 'J - ..,7 ?,~ :'1, 
3 16,6 
- 16.4 -.2 9,3 .o 31. 3 - 26,3 23,6 -2,"7 - 10.:3 "·"~ zo. 
.. 20.2 - 18.1 -2.1 - 17.7 .o 31, 4 -37,3 - 33,9 -~.1.1 - 27, n 1?,7 31, 
2 1 7,0 - 14.4 7.~ - 0,2 .o 28. ~ 1 - 11,0 - 14.~ 3,3 - , ,6 ,4 ~6. 
2 b,O - 15.7 7,7 - 4,5 .o 29, 2 - 14,3 - 15,4 ] ,, a.J ?,<; ~a. 
3 - 16,'+ - 16.2 -.2 - 12,2 .o 31. 3 - 27 ,B - 23,5 -"'.~ to,4 (... ,a 3", 
.. - 25,3 
- 22.8 -2,5 - 16,0 ,0 31, 4 - 39,0 - 35,1.1 -),o:. - ~~. Q 17,'5 31, 
J 1 8,9 - 18.1 9,2 ,0 .o 26. ~ 1 - 14,8 16,3 l,'i - 7,() ,1 :?!'., 
2 14,9 
- 17.2 2,3 - A,7 .o 28. 2 - 1 ~,A - 17,n -1,' - 14.5 :',7 2~. 
3 25,1 - 2.0. 0 -5.1 - 22,8 .,.o 31. 3 - 31'l ,9 27,2 -3," - tq. 5 Q ,3 3'1. 
4 - 46.1 - 40,2 -5,9 - 29,9 g.o 33, 4 - 41 ,3 37,9 -3,'J - ?7. :3 17,7 :5", 
4 1 9,5 - 14,5 6,0 .o u. 0 26, 4 1 - 9,9 15. 1 "l,' - 0,:3 ,4 2f, 
2 - 10,6 - 15.5 4,9 - 9,5 e·o 28. 2 - 13,1 - 14,1'1 1, 7 - 1,n , ,"1 27, 3 - 23,2 - 20.0 -3,2 - 19,9 a~•O 31, 3 . - 24.9 - 21,5 -~.1.1 - 16,1 (.... 1 ~n, 
4 
-
43,6 - 39.7 -3,9 - 35,2 1:.0 .33. 4 - 37 .r:~ - .34 ·"' -J,n - 24.7 1". ·~ 3n, 
5 1 9,6 - 14.7 5,1 - 0,1 o,o 26. .. 1 - 11,6 - 14,3 2,"7 - 1. 3 
.., ?.1. 
2 10,1 - 15,4 5,3 - 7,8 ~.o 28. 2 - 1 '5, 0 - 15,6 
·"" -
7,9 ",7 2", 
3 - 24,3 - 21.5 -2,8 - 14,4 .o 32. 3 - 23,9 - 21.2 -2,1 - l".,2 7,g 20, 
4 34,8 - 32,3 -2.5 - 17,8 .o 31, 4 - 36,4 - .34 ,2 -2,;> - zc;, 4 l '• ,'i 31'. 
6 1 7,3 - 14.5 7,2 0,3 .o 26, 6 1 - 1 :'1, 4 - 14.7 1 ... , • 7 1", ... , ... , 
2 6,8 15.3 6,5 - 2,0 .o 28, :> - 1 A, 7 - 17, 0:. -'t, 1 1, , ::> .. .., ::> " , 
......... 
3 
-
1b,7 16,0 -.7 - 14,5 ,0 .30. 3 - 2q. 2 - 26, 'I -::> ,.., - ]<' ,::> 1 r • 1. ,, . +:'-
4 
- 3b.O 31.2 -4,8 - 22 .o .o 32, 4 - 4(, . 5 - u 0. q -. ._, ~ - 2"." I R. ., '1. 0 
Appendix 1. Continued 
Replication 1 
Plant 
-1-
2 
5 
6 
Day 
-1-
2 
J 
'+ 
1 
2 
3 
'+ 
1 
2 
3 
'+ 
1 
2 
:5 
~ 
1 
2 
3 
4 
1 
2 
3 
4 
1jl ljllT 
-13,9 ~ 
-1~.3 -17.1 
-22,5 -20,3 
- 3(), 9 - 35.6 
-10,7 -18,5 
-19,3 -17.'+ 
-2(),2 - 19,'+ 
-38,0 - 33,8 
-u.o - 1s.2 
-28,9 - 2'+.'+ 
-so,9 - ~s.s 
-63.~ -59.0 
-u.s -11.~ 
-17,6 -17,0 
-33,9 -29,3 
-'+3,0 - 38.1 
- 9,9 -16.6 
-12,3 -16.2 
-2i,O - 22,~ 
-38,5 - 3~.9 
-12,2 -18.3 
-3'+,9 -30,8 
-'+'+,6 - '+1.'+ 
-5'+,0 -so.8 
9,8 
12,1 
22,2 
'+6,6 
8,9 
13,0 
23,0 
48,'+ 
10,3 
13,6 
26,8 
51,7 
12,5 
13,'+ 
- 26,3 
- '+7,5 
7,6 
- 12.9 
- 25,8 
- 48,0 
7,2 
- 1~.4 
- 2.2,5 
_ '+o,9 
-16.7 
-16.4 
-20.1 
-42.9 
-16.7 
-16.5 
-20,8 
-'+'+.3 
-18.8 
-16.7 
-23.4 
-'+7.3 
-17,5 
-16,9 
-23.3 
-'+3.8 
-18.0 
-17 .'+ 
-22.1 
-'+3.7 
-15.2 
-16.1 
-20.3 
-43,0 
ljlp 
&:1 
1,8 
-2.2 
-3,3 
7,8 
-1,9 
-6,8 
-'+,2 
2,2 
-4,5 
-5,1 
-4,4 
5,9 
-,6 
-4,6 
-'+,9 
6,7 
3,9 
•3,6 
-3,6 
6,1 
-4.1 
-3,2 
-3,2 
6,9 
4,3 
-2,1 
-3,9 
7,8 
3,5 
-2.2 
-4,1 
8,5 
3,1 
-3,4 
-4,4 
s,o 
3,5 
-3,0 
-3,7 
10,4 
4,5 
-3,7 
-4,3 
8,0 
2,7 
-2,2 
-3,9 
ljls 
:-T."7 
- 8,1 
- 13,6 
- 28,5 
0,9 
- 12,1 
- 16,3 
- 28,0 
- 1,3 
- 17,5 
- 37,1 
-50 ,o 
- 1,3 
-11,3 
-25,6 
-35,9 
0,5 
- 1,3 
-15,0 
-29,1 
-12,0 
-22,5 
-33,5 
-47,0 
,5 
2,'+ 
- 9,8 
-32,0 
0,3 
- 3,2 
-12,7 
-32,5 
.o 
- 4,0 
-14,0 
-31,9 
- 0.3 
- 3,4 
-13,4 
-:51,1 
0.1 
- 3,2 
-15,0 
-37,4 
.o 
- 3,5 
-11,4 
-28,9 
R 
12.4 
6,2 
10.1 
16,3 
20.3 
6,4 
13,8 
21,8 
14,8 
15,9 
19,8 
18,2 
11,8 
12,3 
10,9 
15,0 
12,0 
6,1 
9,4 
15.2 
18,'+ 
20,0 
22,9 
18,4 
3,7 
s.o 
7.0 
12,1 
4,7 
5,5 
9,6 
13,4 
8,0 
8,8 
12,4 
18,5 
6,5 
7,3 
u.s 
18,1 
6,1 
6,5 
14,6 
15,3 
S,7 
6.1 
12.4 
20,8 
T 
26."" 
26. 
27, 
29, 
25, 
27, 
27, 
29, 
28, 
30, 
32, 
33. 
25, 
26, 
30, 
31. 
23, 
24. 
26. 
30, 
27. 
30, 
30, 
31, 
23, 
27, 
28, 
30, 
24, 
26. 
28, 
31, 
23. 
26. 
28. 
32, 
25. 
27. 
29, 
31. 
22. 
26, 
27, 
32, 
22. 
25. 
27. 
30, 
ENVIRONMENT 20/15 - 11.4 
SM>OTH "BRDME Plant 
4 
INTERMEDIATE WHEAIGRASS 
2 
4 
Day 1jJ 
1 Q,9 
2 - 20,6 
3 35,7 
4 51,1 
1 9,3 
2 1Q,R 
3 3l,CI 
4 58,0 
1 9,8 
2 23,2 
3 36,8 
4 64.., 7 
1 9,6 
2 2~.4 
3 33,5 
4 54,3 
1 11,3 
2 26,3 
3 40,3 
4 64,1 
1 11,0 
2 26.0 
3 40,2 
4 61,2 
7,1\ 
- 15,5 
- 27,4 
- 43,,1 
9,0 
- 14,2 
- 2A,8 
- '+4,4 
- 10 5 
- 1<4 
- 23,9 
- 46.0 
- 10. g 
- 1 c;. 5 
- 24.9 
- '+6,4 
o.2 
- 1:'>,8 
- 26,5 
- 4A,9 
q,3 
- 14.3 
- 2f,.? 
- '+ 7. R 
Replication 2 
ljiTT 
-=1'7.0 
-18. 1 
-31.1 
-47.7 
-17. l 
-18,5 
-?8, 5 
-53,R 
-18,7 
-19,9 
-32,3 
-60,4 
-17,6 
-18.3 
-30,6 
-51,3 
-18,3 
-23,1 
-36,9 
-62.3 
-17,2 
-22. q 
-36,4 
..56, 3 
- 17,0 
- 16.3 
- 2:5,6 
- 40,0 
- 17."' 
- 17.?. 
- 24, q 
- 41.2 
- 17.2 
- 16, q 
- 22. (1 
- 42,6 
- 17. :;> 
- 16. :'1 
- 21,9 
- 43,1) 
- 17.13 
- 16.5 
- 22,CI 
- 44.5 
- 17,4 
- 16.] 
- ~3. r 
-43.0 
-;;> • c:: - I? •? 
-4 " - 2f,. 7 
_.,_tl 36,:'1 
7,<> - 0,5 
-1.-.. - 1n,21 
-3,u - to,S 
-u,.., - 4'7, 7 
~. '=' - 0. 7 
-.3... - \\ .'~ 
•ti,O:, - 26 .6 
-'+... - c;u .r 
~, n 1 • 5 
-2,, - 1r'l,3 
-2. Q - \7.4 
-~.n - ~A.4 
!:l, fl 1 • \ 
-3,? - 17,2 
-3,t1 -27,1 
-1 ·" - 5(;,4 
"·? , . c; 
- -~., - 1?. 9 
•3.C) -2P.6 
-u u - c;,.,. n 
- . ,,? 
"·" ?,C:: 
-l,Q 
-3,11 
,.,, ... 
-3,n 
-3,U 
B.~ 
2,7 
-3.~ 
-4,4 
7,0 
l. 0 
-'3,? 
-~.n 
• 0 
- "'. 8 
- 1 ~. 0 
- 2C). (I 
o,s 
- 4. 5 
- lR, 0 
- ;?a, 0 
- t. t 
- I~ 0 6 
- 17,9 
- ~7 .1 
0,5 
- 1 :;>,I) 
- lF.. g 
- 2F. ,l 
.s 
- "'1,5 
- 1~. (J 
-27.7 
,7 
- 4.? 
- 1 0. ~ 
- 2 1l. 1 
o.q ::>"7. 
17,1 :3". 
?•. ") :'\?. 
F--,2 ?U, 
l',q 2t-, 
1°,2 2", 
21. q 3~. 
7,9 21'!, 
o,o 2". 
l"i,R :31, 
:3U,'j 3~, 
f.,6 2". 
1"','1 ?F-., 
1f.,2 2Q, 
2:'1,6 31, 
',13 2 ... 
1~ n 27, 
1 a: 3 '51. 
~:0.,2 3:'1, 
11.5 2fl, 
lF' .4 2". 
21. n 31. 
31.1 ~ .... 
• 1 
"',5 
1?,1 
11 ,CI 
,6 
l' ,Q 
\?., 
1"',6 
, • q 
u,r, 
1 '. 7 
1 ~. 0 
",1 
c.,o 
1?. 1 
1'-,:3 
:>.9 
f-,5 
1~,3 
]A q 
s=:r 
~.9 
l",'i 
:;>? ,1 
Appendix 1. Continued 
Replication l ENVIRONMENT 25/20 - 6. 2 Rep lication 2 
Plant Day 1jl lJi, 
__ lJi_P_ ljls R T SMOOTH BROME Plan t Day tjJ tjJ1T 
__2_ 1/15 R T 
-1- ------- ------ --- --1 
-
8,2 
-19.7 u.s .o 4,2 .H, 1 ~.5 -18, o 1''•'' . r:: 
"·' 
? n 
2 - 9,9 -.20. 3 10,4 .o 2.1 33, 2 - 12, (1 -18, El b I> - , ,? ,, • u , ,.. . 
3 -31,9 -2a.a -3,1 - 24,8 6,& 35. 3 - .3 .3, 0 -29,P - ~ .? - 2 5 . (' •u.t 3:'1, 
'+ - 6!:>,2 -54,1 -11.1 - 53,5 15.3 37. 4 - 59.5 -56. n -.3,"' - ~'.4 2:",\ 3'i. 
2 1 
-11.2 -15.9 4.7 • o 1.1 28 • ';) 1 r .1 -18,7 lll , f> , q 
'"· 2 -11.7 -18.4 6,7 - 0,5 2,2 29. 2 - 13, 0 -17, q q . o - ! ,fl " , 2 ~,.3 
-37,0 -28.4 -8,6 - 26,3 14.9 33. 3 
-
36.2 -30, 1 - f-,1 -24 , P. l?,? 32, 
I+ -60,7 -53,4 -7,3 - 1+3.0 19.8 36. 4 - 64,2 -58,~ -~ ,o -~1 • .3 2" , 4 .3~ . 
3 1 -11+, 0 -21.6 7.6 
-
2.1 1,9 31. 3 1 8,3 -18, I 4,1> , 0 , ,9 2u, 
2 -18,9 -18,5 -.4 
-
6.9 4.3 33. 2 - 11,1 -17,7 b, "' - ? ,3 c; , 3 .3'1, 
3 -56,9 ~4.9 -12,0 - 40,3 11.1+ 35. 3 - 32,3 -28,2 -~., -24. 6 1'' . c; .3,. 
4 NO OBSERVATIONS 4 
-
60 ,6 -56.~ -.3,P -'>"1, 1 2lJ ,2 .37, 
I+ 1 -13,3 
-<1.1 7,8 
-
1,1 1.9 31. 4 1 ~.6 -17,B 9 ,? , n :'1,7 ?'1, 
2 -29,5 ~4.7 -4.8 -22,9 9,2 36, 2 
"' 
12.3 -17 . ~ 
"·"' 
- l.Cl "' , 5 3 P • 
3 -48·,6 ~7.8 ... a - 36,0 15,4 39, 3 - 35,5 -31. 4 -~.I -23,9 tn , ;, Y', 
4 -NO OBSERVATIONS 4 - 61,0 -57 ,3 - .3 ,7 - 411. , A ?'.Q 31> , 
5 1 -1\1,7 
-15.3 4,6 
-
0,6 1,4 31. c; 1 - 1(),8 -15, 6 ~ . F q.., .. 
·" 
?<'>, 
2 -41.9 -32.8 -9,1 - 31,7 5,3 34, 2 
-
15,4 -17,9 2. ~ - 6 , 9 7 , '> 311 , 
3 -65',4 .02.2 -3.2 - 51,0 28.4 37. 3 
-
33,8 -30 . ~ _.,.c. -?.4 .~ 1"' ."' 'I? 
4 NO OBSERVATIONS 4 
-
65,3 -62,FI - 2."' -5! . o <.'l'i , n 
' "' · 6 1 -16.2 -16.7 .s - 1.7 2.2 31. 6 1 - 1n,1 -15 ,7 ., ,,., - 1, '1 o.t. ~n . 
2 -47,4 -33,9 -13,5 - 34,2 6.4 32. 2 - 16," -1A, .3 1 n . - a,') n • 'I 31. 
3 -66,3 -69.2 -7,1 - 56,0 15,2 35, 3 - 38,2 -.34 .~ _,. Q _:>a , '; 1", 4 .3'' 
4 NO OBSERVATIONS 4 - b5, A - 63 , 1 -~ .7 -'"l" . • 7 ?Q .., .37, 
INTERMEDIATE WHEATGRASS 
1 1 - 7,9 -1 ... 3 6,4 .o 2.2 28, - 4, 7 -14 , I" 4 , ~ ,n • , 9 :;?U• 
2 - 8,6 ""13.6 5,0 - 0,6 1,5 29. 2 - 1\,6 -14, R h,? - t.n U,2 
'"· 3 -13,0 ""14.5 1.5 - 3,6 10,8 32. 3 - 2~.8 -20. q -2,0 - t~.'l tn , Q :31, 
4 -31.9 -27 .a -4.1 - 19,6 18,8 35. 4 - 52,4 -48,7 - .3,7 - ~u .o t a ,q JU, 
2 1 - 9.9 -16.6 6,7 - .o ,9 29. :> 1 - 6,8 -1 3 . 4 " · ~ .n 'I .4 2R, 
2 -10.4 -16,5 6,1 .o 3,0 31. 2 - 9,() - 15 ,R b, p - , . ~ IJ q ~n 
3 -23,2 
-22.0 -1.2 - 13.0 9,5 32. :3 - 2..,. f, -19, 9 - .3. .., - 1~.7 1 • • f. 3?, 
4 -49,2 
-1+4. 4 -4,8 - 34,0 20.2 36, 4 - 46 ,1 -43, :3 -~. u - 2P,2 l:> , R ~". 
3 1 - 9,8 -16.4 6,6 .o 1.8 30, ~ 1 - 7,0 -1 4. q 1 , " • n ... 
·" 
20, 
2 - 9,9 -15.2 5,3 .o 1. 7 31. 2 - 11 , 9 -1 4 . 7 z , a - 1. 0 F-. , Q :>~n, 
3 -1s,o -16.8 1,8 - 6,0 8,9 35, 3 - 24, 6 -19, 6 .. o,,n - lu,q t .. ,u 3:-, 
4 -33,3 
-30.4 -2,9 - 18.7 17 .o 36. 4 - 4R , 1 -45 ,1" - .3 . , - .3?,1'1 to , F. 36, 
4 1 -u. 9 -15.9 4,0 0,4 3,7 .32, 1 - A,7 - 15. 5 b,P - o • ., ... ~ 20, 
2 -13,7 -16.5 2.8 - 1,0 6,6 .34, 2 - 14.9 -15 , 7 :? , 0 7,4 .31 , 
3 -2o.6 
-23.1 -3.5 - 15,3 14,6 .35, 3 - 25,4 -22.4 -3 , '1 - 1"\ , 4 1" , 9 3~ . 
4 -lH.9 
-44.3 -3.6 - 35,0 18,9 37. 4 - 54 . 1 - 50,7 -~ . " - ~a ,') 1Q,6 :I" . 
5 1 - 9.7 -16,4 6,7 - 0,7 3,7 31. 
" 
1 - 9 , 0 - 15,2 6 , ;:> - , • n , , 4 2o, 
2 - 13.3 -16.1 2,8 - 3,6 4,2 33, ? - 11,9 - 16, 6 4 , F-. - ';),r1 f., 7 311 , 
3 -35,9 
-30.1 -5,8 - 24.1 16,4 36. :3 - 22,9 -19, 3 - .3 , f. - \11,4 t, • ~ 3 :?, 
4 -53,5 -48,9 •4,6 - 38,6 25,8 37, 4 - 46,6 -4 2. 9 -.3, 7 - ~4. 7 21. 1 3 ~ . 
6 1 -10.9 -16.6 5,7 - :'1,5 4,6 .31. 
" 
1 - 6 , 5 - 17,1 11',"- - , • t (.l q, 
2 - 2(1. 9 -21.8 ,9 - 1 n. 2 5,.3 33 . ~ - 13,5 -1 5 ," 2 , .,,, " n "p · ....... 
3 -46,3 
-37.7 -8,6 - 26.7 17.5 J4. ~ - 27,4 - ?. 2 . tJ -" " - l.., • . 
) ll.. ? ....... .p-
4 - 6<::,0 ..s5.a -6.2 - 48,5 25,9 36, -57, ('I -53, 1 - ~ n - ~., • ..:j ;>? , " .3"', N 
Appendix l. Continued 
Replicate 1 ENVIRONMENT 25/20 - 8. 8 Replicate 2 
Plant Day 1jJ ljll[ ljlp ljls R T S~TH BROME Plant Day lJi ljJTI ljlp ljis R T 
1 -ll. 7 -14,4 2,7 - 1,2 1,9 31. 1 - 12,7 -15,? l , ll - 11,1 q ~ ~J . 
2 - ~9.0 -:n.s -2,5 - 34,9 9,2 33, 2 - lA, 9 -18,"i -,11 - A,A ".'i ~ " 
3 -69,0 -b~. 7. -~.3 - 50.0 19,3 37, 3 - ,.5,8 _,.1, p _,., .., - ~ 1 • ~ 17,? 3?, 
4 NO OBSERVATIONS 4 - 6~,9 -60, 8 -4,1 -o;"'l,o 2'-,1 3"', 
2 1 -13.9 -16.2 2,3 - 1.8 1,4 33, ::» 1 - 1 '5, B -16,n ,? - 4,7 ,7 ~n, 
2 -51,7 -37.5 -14,2 - 36,7 5,3 35, 2 - 22,1 -20,5 -l,f- -11 • ·~ ,. ,4 31. 
3 -64,1 -60.1 -4,0 - 53,0 29.0 37, 3 - 43,8 -41,1 -2,7 -2~.q 17,5 3"'~, 
4 NO OBSERVATIONS 4 - bll. 7 -57,0 - 3,7 -~\,4 2f., 0 3'>, 
3 1 - 17.6 -15.9 •1,7 - 7.4 2.2 31, :'1 1 - 12,2 -18,1 5,1'1 0,7 , ,6 Jn, 
2 -42,6 -31,9 .. 10,7 - 27,5 6.~ 32. 2 - 23,9 -22,2 -1,'T -u:,. 9 
"'· 
0 31. 
3 -59,1 ~7.8 -11,3 - 39,4 18,0 36, 3 - 45,7 -42,1 -:5,,.. -:51,5 17.0 3?, 
.. NO OBSERVATIONS 4 - 6:5,1 -58,6 .. ,.,,., -5t,2 27,P, J"i, 
4 l - 9.7 -18.6 e,g 
-
.o 1.6 31, 4 1 - 12,0 -18,6 b,'- - , ,6 
·" 
~". 
2 - 21+.6 -27,8 3,2 - 17,8 6,3 32, 2 - 22,6 -18,5 -4,, -1:3,2 .. ,F. 3n, 
3 -42.5 -35,8 -6,7 - 33,6 17,3 33, 3 - 39,9 -36.5 -3,4 -21 ,9 1"',5 J?, 
4 -64,1 -56,6 •7,5 - 62,5 25.1 :n. · 4 - 65.9 -62,3 -3,'? -'51 • '5 3'. "i 37, 
5 1 -12.0 -18,9 6,9 - 1,8 1.7 30. 
"' 
1 - 12.7 -18,6 5 ,0 - ?,n ?,3 20, 
2 
-
9,9 
-15,1 5,2 - 1,2 3,5 31, 2 - 25,4 -22,6 •2,P. -lR,J 7,3 3r, 
3 -24,6 -17,5 -7,1 - 18,1 14,0 33, 3 - 46,2 -42,5 -3,7 -:'1\,Cl t0 0 R ,:'!, 
4 -45,4 -42,8 -2,6 - 36,0 19,1 35, ~ - 64.2 -60,7 •3,4 -54, '1 2fl,6 3F>, 
6 1 -12,7 -19,1 6,4 
-
2,0 1,9 31. 6 1 - 12.8 -18,1 ~ ... - 2,n ~ • ? 29, 
2 - 2b.O -22.4 -3,6 - 23,2 ~.9 33. 2 - 21,9 -17,9 .j.t"l -12,1 11,7 :5'. 
3 -50.3 ~6.1 ·4,2 - 47,2 18,5 32, 3 - 38,8 -34,5 -4.~ -?.1. 4 1",0 3?, 
4 -65,9 -63.2 -2,7 - 51.5 21.0 :n. 4 - 60.1 -56,1' -~., -14",3 2"-, 2 3", 
INTERMEDIATE WHEATGRASS 
1 -11.7 -15.2 3,5 - 0,4 3.7 33. 1 - 10,5 - 15,2 '+,"~ .:J 
, 3r, 
2 - 2&.1 ""20. 9 -5,2 - 11,4 6,6 36, 2 - 22,0 -2o.o -2,n -1n,7 7,2 3U o 
3 - 4&.2 -38.6 -7,6 - 24,3 15,9 40, 3 - .39,2 -36.& -2." -21),4 H·,6 3&, 
~ -60,5 -57.3 -3.2 - 51,7 26.8 1+0, 4 - 62,4 •57,7 -~ . .., -'+o,n 27.'+ 37, 
2 1 - 1u,2 -13.3 3,1 - 0,4 3,7 32. t' 1 - 10.0 -1&~,6 4,'- 0,7 11 .~ ~o, 
2 - 14,1 -16,6 2,5 - 5.2 4,2 3~. 2 - 16,1 -17 ,(1 0 - c::,s p . ~~ :'1', 
3 -30,1 -26,0 •4,1 - 11.6 14.7 37. 3 - 29,o -27,2 -2,., -17,7 111,0:, ~u • 
~ -48.5 ~4.8 -3.7 - 34,6 23.1 39, 4 - 53,6 -48,3 -5." -:'14,9 ::>?,~ 36, 
3 1 -ll,6 -14,8 3,2 - 2,2 4.6 32, .., 1 - 9,0 -16,1 n,:> ,'1 :>,7 ='~"· 
2 -1S.1 -18.1 3.0 - 6,4 5,3 35. 2 - 1 q. 4 -19.~ -,1 - Q.~ o:.,c; 3?, 
3 -27.4 -22,9 -4,5 - 13,9 15,3 37. 3 - 2~'~. 1 -24,2 - .'l,n -1R,5 1"',6 'II', 
I+ - 4b.4 •42,3 -4.1 - 34,0 20,9 37, 4 -51. g -48,1 -j.A -.37,(1 ~".7 3f-, 
4 1 - 11.1 -16,3 5,2 
-
1.5 2.9 33, 4 1 - 9,2 -17,1 7,0 - 0,7 ? .~ 3n, 
2 - 3,..4 -26,9 -7,5 - 25,4 4.6 33, 2 - 23.9 -20,2 -3,7 -13,A "'. 1 :'1~. 
3 -48.6 ~5.8 -2.8 - 46,3 11 .o 34, 3 - 3A,2 -35,2 -.3."' -2~,2 1.,,4 ~"". 
~ -61,3 -59.7 -1,6 - 60,0 28.5 36, 4 - 62,3 -58,3 -3,o -~1. 2 2"',4 :57. 
5 1 - 9.1 -14,4 5,3 
-
1,9 1.5 29, o:; 1 - 9,1 -15,5 6,4 - 1,5 , • 3 20, 
2 -23.2 -19,4 -3,8 - 18,5 3.5 31. 2 - 19.2 -18.7 
··" 
-13,7 ., ,6 :53, 
3 -38.4 -33.9 -4,9 - 35.8 14,5 35. :'1 - 27,5 -25,5 -1,0 -21 • 1 ,11 ,6 , ,, . 
4 -64,2 ~1.5 -2.7 - 60.0 31,4 37. 4 - 54,3 -50,7 -3,F-. -~o,A 1"-,7 ~o:.. 
6 1 
-
9.2 - 17.1 7,9 - 2.8 3.7 32, " 1 -
9,5 -15,9 h. u - , .1 , ".1 Jn • 
2 -29.7 - 24,2 -5,5 - 20,9 <;,9 35, 2 - 2'l,A -?0,"> - ~.? -t ~ .1 ' " 3'. !--' 
3 -42,4 - 39,4 -2,9 - :59,4 12.1 35, :5 - 34.3 -30,7 -3,0:. - 21.1 , n 
,., 'l 
'l". +--
4 
- ou.o - 58.5 -1.5 - 5 1~. 5 26.5 37, 4 - br). 9 -56,P -u.,1 -4 11,9 ., .. ,R. 37, VJ 
Appendix 1. Continued 
Replication 1 ENVIRONMENT 25 / 20 - 11.4 Replication 2 
Plan t Day 1jl 1ji1T 
_i ljls R T SMOOTH BROME Plant Day 1jl lji1T ljlp ljJS R T 
1 1 -u.s -15.7 3,9 
-
4,E! 5,2 32. -14,8 -17. 3 2," - '1,5 ... t '\' ' , 
2 - 4~,3 -34.2 -8,1 - 34,7 11,1 36, 2 ~7.3 -22.~ 
-"·" 
-l 0. t 
"' 
. .., ... ~. 
3 -60,4 ""55.7. -4,7 -57,5 17,9 37, ~ ~P,O -44,0 -~. n -41. q 1 "• a ~""'. 
4 -61,7 "60 0 8 -.9 - 62,5 99,9 37. 4 -61, 9 -60,1 -1,1'1 -!>1;,9 9CI,I) :3f>, 
2 1 -u.s -18.6 7.1 - 4,9 2,5 30, ? 1 -11.7 - 18,2 6,5 - ~.2 :",7 :31. 
2 -32,7 -25,3 -7,4 - 26,2 6,8 33. 2 -30,2 -26 ,2 -4,n -2F-.,l "·~ 3'1, 
3 -52,7 ~4.8 -7,9 - 54,5 14,1 l4. 3 -49,0 -45,5 -~."' - ~4 , 1 1?,2 3!'>, 
4 -64,1 -61,9 -2,2 - 58,6 99,9 35, 4 -64,8 -61.8 -3,n -54,6 qo,q 35, 
3 1 -11,3 -15,9 4,6 
-
1,2 1,7 29, ~ 1 -11,4 -16,2 4,P - 1,!'i ::>,5 3,, 
2 -27 .o 
-22.2 -4,8 - 20,2 7,3 34, 2 -26,3 -23,9 2,fl -17,1 1'),7 31. 
3 -50,2 -42,9 -7,3 - 45,5 17,1 35, 3 ~9,9 -45,, -4, A -3"i,A t"i,fl 1'1, 
4 -68,3 -65,7 •2,6 - 61,8 99,9 35, 4 -61,1 -57,7 -3,u -5n,3 2?,8 3"i, 
4 1 -11.7 -16.7 ·-~ - 8,0 9,6 30, 4 1 -11,7 -16, '5 4,P - <;,9 '. 7 20, 
2 -29,4 -26,2 -3,2 - 17.3 6,2 35, 2 . -e7. 3 -23,5 -3,0 -1'1,5 a ,4 3?, 
3 -54,3 -48.1 -6,2 - 27,5 13,7 36, 3 -52,2 -47,9 -4.~ -2o,7 l"i 0 3 3-~. 
4 -65,2 -64,8 -,4 - 64,'+ 90,0 36, 4 -66,1 -62,1 
-'"'•" -5~,('1 9",9 36, 5 1 -u,'+ -15,9 -.r.s - e,7 3,3 31. 
" 
1 -11 0 0 -15, A ... I> - ">,1 :"!,"' "''n, 
2 - 2.\.,5 -21.8 ,3 - 13,1 4,2 33, 2 -eo ,2 -19,1 1,1 -11.1. 3 ",2 32, 
3 - .. s. 7 -35 .. 6 -10,1 - 23,7 9,0 35, 3 ~5. 5 -42,? - ."l,' -~'i,7 1U 0 ~ 33, 
4 -64,8 
-63.5 -1,3 - 59,6 89,& 35, 4 -67,2 -64,2 -3,n -5R,7 90,9 '17, 
6 1 -14,5 -17.1 2,6 - 5,4 4,2 30, 6 1 -11.3 -1';,6 fl,'l - 4,8 ?,O 20, 
2 -19,8 -19,9 ,1 9,3 3,9 33, 2 -27, 4 -24,6 -2,P -15,5 1',,4 3'~, 
3 -38,1 
-26.2 -9,9 - 23,8 4,6 35, 3 -48,6 -44,R .. ... ,P -26.~ 1u,r, 3?, 
4 - 5,,5 -49,9 -2,6 - 44,7 14,1 35, 4 -63,3 -59,? -~. ' - '; 1 • t 
Q..., 
.q ~~. 
INTERMEDIATE WHEATGRASS 
1 -11,9 -13,5 1,6 - 1, 0 1.5 30, 1· 1 9,9 -16, 0 t.,• • 0 ',5 3(1, 
2 - 13,9 -u.s 3,9 -10,6 1,5 31, 2 - 20,7 -21.6 ,o -1'1,3 !'1,5 31, 
3 -28,5 -25.0 -3,5 -18,1 22,5 34, 3 - 28,5 -25,e -2,., -17,1 ~.4 32, 
4 -65,9 -63,3 -2,6 -44,8 90,9 36, 4 - 55,9 -53,A -2,, -~?.6 1"i,3 ~u • 
2. 1 -to. o -16.2 6,2 - o,a 1.9 31. 2 1 9,2 -16,7 7, " - 0,6 , ,1'1 ;>o, 
2 -12,7 -15.1 2,4 - 2,6 1,8 31. 2 - 21'1,2 -21. q t,7 -1~.7 ~.7 ~·. 
3 -26,1 -23.1 -3,0 -13,1 22.5 33. 3 - 3q,2 -35 ,7 -:'I,C, -?'1,6 1",1 3U' 
4 -51,7 -49,6 -2.1 -35,6 90,0 36, 4 - sq .. s -53,3 -h,? -20,5 21 ,1 36, 
3 1 - 9,7 -19,7 9,8 - 2,0 1,9 31. ... 3 I 8,9 -16,9 P.,n ,1 , ,3 3n , 
2 -27,9 -25,2 -2,7 -11,6 4,1 32. 2 - 16 ,2 -17,5 1. . - 7.~ ' ,~=, 3n, 
3 -52,8 -48,8 -4,0 -44,3 22,6 34, 3 - 30,7 -26,14 -~. 'I -]A o, " ,':' 3?, 
4 -71.7 -70.3 -1,4 -70.0 99,9 36, 11 - 56,7 -~2.9 -:'\,A -'+c; ,1 1"' u 3ll, 
4 1 -10,6 -17,4 6,8 - 4, 7 3,8 30, 4 1 - 11,8 -17,2 5,11 - t.t'> ' ,q :o.r, 
2 -27,9 -24.9 -3,0 -17,1 4,9 31, 2 - 23,2 -22,9 -. ... -17,0 "·" 31, 3 -53,8 -44,3 -9,5 -30 .o 11.0 33, 3 - ~6.7 -~3. 1 3,~ -141,6 14,9 :'14, 
4 -70,4 
-70.0 -.4 -68,0 99,9 37, 4 - 66,5 -63,3 -3,? -so.o 9A,n 31'-, 
!l 1 -11,2 -17.2 6,0 - 7. 0 5,1 31. 5 1 - 11'1,4 -16,4 f) ," - , ,3 , ,9 3n, 
2 -24,2 -24.4 ,2 -17,1 5,9 31. 2 - 15,4 -1 6, 7 1, ... - 7,6 fl,l 3", 
3 -58,2 -53.5 -4,7 -29,5 16,9 33, 3 - 30,9 -27,3 - j,f- -lo,9 1>,5 31, 
4 -68,9 ~8.4 -.s - 60,5 99,9 .36, 4 - ·57 ,3 -54,2 -21,, -4fl ,4 lA,~ 34, 
6 1 - 8,8 -15,3 6,5 - 3,4 2,8 29, 6 1 q. '! -13. P, ll.ft - t ,6 ' ,1 2o, 
2 - 11,4 -14,8 3,4 
-
5,2 3,2 30, 2 - 1~.8 -15,7 1, 0 - 1:.,5 11 ,::> -.,n, 1--' 
3 -29,1 -25,6 -3,5 - 12,1 4,6 33, 3 - 27,2 -23,9 -:..-.. 'I -14,7 7 
., 3?, +='-
4 -56,6 -57.3 -1,3 - 47.0 17,0 35. 4 - 58,6 -55,3 -~. ' -U7, Q 10 .::> '". +='-
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Appendix 2. Leaf water potential at the calculated wilting and 
protoplast collapse points for each plant studied of 
smooth brome and intermediate wheatgrass. Data are shown 
for both replications. 
Environment Rep. Plant Means l 2 3 4 5 6 reps. envir. 
SB-15/10-6.2 
wilting 1 -±~.8 -17.4 -17.7 -18.9 -19.0 -20.5 -18.9 2 -22.0 -20.0 -16.8 -20.5 -26.0 -24.8 -21.5 -20.2 
collapse 1 -37.0 -37.5 -38.5 -32.5 -33.5 -31.5 -35.1 2 -44.0 -49.0 -42.0 -36.0 -43.0 -48.0 -43. 7 -39.4 
IW-15/10-6.2 
wilting l -18.0 -15.0 -18.0 -17.0 -17.0 -19.8 -17.5 2 -16.5 -18.0 -16.3 -17.5 -15.5 -19.0 -17.1 -17.3 
collapse 1 -34.0 . -2 7. 0 -34.0 -25.5 -29.0 -35.5 -30.8 2 -34.5 -40.0 -27.5 -30.0 -28.0 -29.0 -31.5 -31.2 
SB-15/10-8. 8 
wilting 1 -18.3 -14.0 -15.5 -18.0 -16.0 -16.0 -16.3 2 -18.0 -15.6 -20.5 -18.0 -27.5 -16.5 -19.4 -17.9 
collapse 1 -37.0 -33.0 -32.5 -37.2 -33.5 -33.5 -34.5 2 -38.5 -29.5 -39.0 -37.0 -40.0 -41.0 -37.5 -36.0 
IW-15/10-8.8 
wilting l -15.3 -18.5 -19.0 -16.5 -18.0 -16.4 -17.3 2 -21.0 -17.5 -22.3 -18.3 -20.5 -17.0 -19.4 -18.4 
collapse 1 -31.5 -37.5 -45.0 -41.5 -43.0 -39.5 -39.7 2 -33.0 -35.5 -45.0 -35.0 -38.5 -36.5 -37.5 -38.5 
SB-15/10-11.4 
wilting 1 -18.6 -13.0 -18.8 -16.9 -17.0 -19.6 -17.3 2 -18.0 -17.1 -17.8 -15.0 -16.5 -16.5 -16.8 -17.1 
collapse l -37.0 -26.5 -36.5 -34.0 -38.5 -33.0 -34.3 2 -35.0 -38.0 -36.5 -32.0 -39.5 -34.5 -35.9 -35.1 
IW-15/10-11.4 
wilting 1 -18.7 -17 .o -17.3 -18.0 -18.6 -15.9 -17.6 2 -19.9 -18.1 -17.5 -17.0 -18.6 -16.8 -17.9 -17.8 
collapse 1 -36.5 -36.5 -34.5 -38.5 -45.0 -42.0 -38.8 2 -35.0 -40.0 -30.5 -37.5 -35.5 -37.2 -35.9 -37.4 
Appendix 2. Continued 
Environment Rep. Plant Means l 2 3 4 5 6 reps. envir. 
SB-20/15-6.2 
wilting l -18.7 -18.0 -19.7 -16.5 -18.0 -18.2 -18.2 2 -19.0 -18.5 -16.6 -18.0 -17.0 -18.0 -17.9 -18.1 
collapse l -33.5 -32.5 -38.5 -41.0 -35.0 -37.0 -36.3 2 -33.0 -47 .o -36.5 -40.0 -37.5 -36.5 -38.4 -37.4 
IW-20/15-6.2 
wilting l -20.0 -18.0 -17.0 -18.5 -19.9 -18.8 -18.6 2 -18.7 -19.0 -18.6 -18.1 -19.0 -18.3 -18.6 -18.6 
collapse l -37.5 -29.5 -29.5 -33.5 -46.0 -38.0 -35.7 2 -39.0 -36.5 -36.5 -34.0 -33.5 -34.0 -35.6 -35.6 
SB-20/15-8.8 
wilting 1 -16.6 -18.0 -17.0 -15.5 -15.5 -18.0 -16.8 2 -16.0 -15.3 -15.1 -15.7 -17.6 -16.4 -16.0 -16.4 
collapse l -34.5 -37.5 -40.0 -32.5 -33.0 -35.5 -35.5 2 -37.0 -33.0 -31.5 -33.5 -35.0 -34.5 -34.1 -34.8 
IW-20/15-8.8 
wilting l -15.5 -16.0 -16.5 -16.4 -15.9 -15.1 -15.9 2 -17.3 -15.0 -16.9 -16.0 -15.1 -16.1 -16.1 -16.0 
collapse 1 -30.0 -30.0 -38.5 -35.0 -29.5 -34.5 -32.9 2 -33.5 -32.0 -35.0 -33.5 -30.0 -38.0 -33.7 -33.3 
SB-20/15-11.4 
wilting 1 -18.2 -16.9 -16.0 -16.6 -17.5 -22.0 -17.9 2 -15.8 -16.9 -17.0 -16.4 -17.4 -19.6 -17.2 -17.5 
collapse l -33.0 -34.0 -44.5 -35.0 -32.5 -42.0 -36.8 2 -36.0 -39.0 -42.0 -34.0 -42.0 -43.0 -39.3 -38.1 
IW-20/15-11.4 
wilting l -17.6 -18.2 -17.8 -18.9 -17.9 -17.2 -17.9 2 -16.9 -18.0 -19.0 -17.5 -16.8 -17.8 -17.7 -17.8 
collapse l -37.5 -37.5 -42.0 -38.0 -37.5 -37.0 -38.3 2 -35.5 -35.5 -38.0 -37.0 -37.0 -37.0 -36.7 -37.5 
Appendix 2. Continued 
Environment l_{e2 ·- Plants 
Means 
1 2 3 4 5 6 reps. envir. 
SB-25/20-6.2 
wilting l -17.9 -17.5 -18.1 -19.5 -15.0 -17.4 -17.6 2 -18.0 -18.0 -18.5 -19.5 -18.6 -17.4 -18.3 -17.9 
collapse l -35.5 -36.5 -38.5 -33.0 -35.5 -39.0 -36.3 2 -37.5 -39.0 -40.5 -42.5 -37.5 -40.0 -39.5 -37.9 
IW-25/20-6.2 
wilting l -15.5 -19.0 -18.0 -17.9 -17.0 -19.3 -17.8 2 -16.8 -15.5 -15.0 -16.3 -16.8 -16.3 -16.1 -16.9 
collapse l -34.0 -35.5 -34.0 -35.0 -37.5 -39 .o -35.8 2 -33.0 -35.5 ' -36.0 -36.5 -36.0 -40.0 -36.2 -36.0 
SB-25/20-8.8 
wilting 1 -16.0 -16.8 -15.3 -17.8 -14.0 -19.0 -16.5 2 +.!7 ... 8 -16.5 -18.8 -16.2 -18.0 -17 .o -17.4 -17.0 
collapse 1 -31.5 -33.0 -34.5 -35.5 -26.5 -37.5 -33.1 2 -38.0 -39.0 -43.0 -37.0 -38.0 -34.0 -38.2 -35.7 
IW-25/z'0-8. 8 
wilting 1 -15.1 -19.0 -16.9 -16.4 -16.7 -17.5 -16.9 2 -17.2 -17.3 -18.9 -17.2 -18.9 -18.0 -17.9 -17.4 
collapse 1 -35.5 -36.5 -34.5 -35.0 -34.0 -32.5 -34.4 2 -35.0 -32.0 -39.5 -38.0 -38.0 -38.0 -36.8 -35.6 
SB-25/20-11.4 
wilting l -14.0 -17.2 -16.0 -17.9 -17.2 -18.0 -16.7 2 -17.1 -19.1 -17.3 -19.0 -18.0 -17.3 -17.9 -17.3 
collapse 1 -30.0 -39.0 -35.5 -34.5 -37.0 -36.0 -35.3 2 -32.0 -37 .o -35.0 -38.5 -34.5 -39.0 -36.0 -35.7 
IW-25/20-11.4 
wilting 1 -17.1 -16.0 -18.0 -16.0 -18.1 -15.2 -16.7 2 -18.5 -16.2 -18.6 -19.0 -17.8 -16.0 -17.7 -17.2 
collapse 1 -31.0 -35.0 -36.5 -43.0 -37.5 -32.5 -35.9 2 -33.5 -38.0 -38.5 -40.0 -39.5 -34.5 -37.3 -36.6 
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